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i. Abstract 

This thesis explores potential mechanisms of brain injury in preterm and term fetuses. I 

first demonstrated that prolonged umbilical cord occlusion (UCO) in un-anaesthetised 

near-term fetal sheep was associated with moderate to severe sub-cortical neuronal injury 

but with relative sparing of the cortex. Fetuses that had status epilepticus had significantly 

greater injury than fetuses with discrete seizures alone. There was high mortality due to 

post-asphyxial hypotension, and i.v. infusion of dopamine, a commonly used inotrope, 

was ineffective at preventing hypotension or improving survival. 

The ontogeny of the cerebral mitochondrial response to in-utero oxygen deprivation is 

unclear. Compared with preterm fetal sheep, I demonstrated that near-term fetal sheep 

initially showed a more rapid increase of oxidised cytochrome oxidase during UCO 

followed by delayed loss, suggesting loss of mitochondrial membrane integrity that may 

contribute to the maturational increase in neuronal vulnerability to hypoxia-ischaemia. 

Therapeutic hypothermia is incompletely neuroprotective in term neonates, and not 

available in preterm neonates. I showed that both low-dose melatonin and a novel 

inhibitor of nNOS were partially neuroprotective when administered prophylactically 

before UCO in preterm fetal sheep. Neuroprotection with melatonin was partly 

confounded by basal ganglia protection by the ethanol used as a diluent. 

Finally, I demonstrated the ability of near-infrared spectroscopy to identify a paradoxical 

increase in intracerebral oxygenation with reduced oxygen extraction following deep 

hypothermic circulatory arrest during cardiac surgery in term neonates with congenital 

heart disease, although this was not associated with new white matter injury. 
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ii. Preface 

This thesis conforms to the University of Auckland 2011 PhD statute regarding the 

regulations to include published work. The introduction contains two reviews, one 

published and one submitted at the time of this thesis submission. It is hoped that the 

inclusion of these two reviews ‘as is’ does not impair the flow of the introduction. The 

second chapter contains an in-depth description of the materials and methods used for the 

studies. Chapters three to nine are either published or submitted work. They consist of a 

brief preface, introduction, methods, results, and discussion. The tenth chapter is an over-

arching discussion of all material presented in this thesis, with possible future 

experiments to answer questions raised by the studies in this thesis. The eleventh chapter 

contains the bibliography for this thesis.  

Figure and table numbers have been re-ordered for this thesis. Where supplementary 

figures or tables were used in the original manuscript there is a SF or ST annotation in 

the caption. Abbreviations have been reformatted to avoid repeating the expanded form, 

except in abstracts. 

As per the 2011 Statute every attempt has been made to obtain publishers permission to 

reprint. All co-authors have signed disclosures stating their involvement. Authors from 

the University of Auckland are denoted with an asterixes, other author institutions are 

stated in each Chapter. 

This PhD was undertaken in conjunction with the MBChB programme at the University 

of Auckland. 
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Chapter 1. Introduction 

1.1.  Perinatal asphyxia and hypoxic-ischaemic encephalopathy 

In the transition to extra-uterine life the fetus makes dramatic changes to its respiratory 

and cardiovascular systems. The lungs take over from the placenta as the organ of gas 

exchange, the ductus arteriosus and foramen ovale must close to allow the pulmonary and 

systemic circulations to work in series, and the left heart is faced with a large increase in 

afterload. Although the majority of pregnancies and parturition are normal, some will 

have complications. These can occur at any stage of development. This thesis investigates 

the identification, mechanisms and treatment of brain injury following pregnancy or 

parturition complicated by oxygen deprivation, causing hypoxia, or frank asphyxia. 

At the time of birth, 25/1000 term and 73/1000 preterm newborns show signs of asphyxia, 

of which 15% and 50% respectively are moderate-severe (Low, 2004). The neural 

consequence of asphyxia is hypoxic-ischaemic encephalopathy (HIE). At term, the 

prevalence of moderate to severe HIE is between 3.8-6/1000 live births (Levene & 

Trounce, 1986; Badawi et al., 1998b; Cornette & Levene, 2009). While the diagnosis of 

HIE in the preterm remains problematic it is undoubtedly much higher than at term (Low, 

2004; Lawn et al., 2005; Chalak et al., 2012). The majority of HIE is considered 

attributable to asphyxia at birth (Cornette & Levene, 2009). For example, 80% of term 

infants with signs of acute encephalopathy had evidence of an acute insult on magnetic 

resonance imaging (MRI), without established injury (Cowan et al., 2003).  

In New Zealand the preterm birth rate is 7.2-9.2% (Craig et al., 2004; 2012), and has 

increased 67% since 1980 (Craig et al., 2004). Preterm infants account for 70% of 

neonatal mortality and 75% of morbidity (Harding & Bocking, 2001). The National 
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Institute of Medicine in USA estimated the lifetime cost of preterm birth at $26.2 billion 

per year in the USA alone (Committee on Understanding Premature Birth and Assuring 

Healthy Outcomes, 2007a), owing especially to advances in perinatal care that have 

markedly increased survival in preterm infants (2012). Together, this demonstrates the 

critical requirement to prevent brain injury in the preterm to reduce the subsequent 

neurodevelopmental handicap, and societal cost. 

1.2.  Perinatal adaptation to hypoxia-ischaemia 

1.2.1. Fetal adaptation 

The fetus has a remarkably ability to adapt to systemic asphyxia, and can tolerate 

significantly longer periods of oxygen deprivation than adults due to both structural and 

physiological adaptations. Structurally, the fetus has four shunts; the ductus arteriosus, 

foramen ovale, ductus venosus, and placenta. During hypoxia blood flow through the 

shunts is altered to promote perfusion of critical organs such as the heart, brain and 

adrenals at the expense of hepato-splanchic circulation and carcass for example (Reuss & 

Rudolph, 1980). Physiologically, net oxygen delivery within the fetus is in excess of 

typical fetal requirements. The haemoglobin dissociation curve is left-shifted compared 

to the adult curve, allowing increased offloading at normal fetal oxygen partial pressure 

(Bennet et al., 2003). The fetal reflex adaptation to complete asphyxia is an immediate 

reduction in fetal heart rate, peripheral vasoconstriction, electrocortical suppression, and 

redistribution of blood flow to vital organs such as the heart, brain and adrenals (Bennet 

et al., 1999). This redirection is believed to reduce cardiac work and metabolism, allowing 

maintenance of combined ventricular output for longer. 

Cardiac glycogen is maximal at mid-gestation and falls towards term (Dawes et al., 1959; 

Shelley, 1961), which allows the premature fetus to maintain anaerobic metabolism in the 
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myocardium and preserve cardiac output longer than at term (Dawes et al., 1959). For 

example very premature fetal sheep showed extensive basal ganglia, thalamic and brain 

stem injury after 30 min of complete umbilical cord occlusion (UCO) (George et al., 

2004). However, there was very little injury after 20 min UCO as cardiovascular 

decompensation and cerebral hypoperfusion only occurred over the last 10 min (George 

et al., 2004). Similarly, 15 min UCO in premature fetal sheep was associated with 

selective cell loss only injury (Keogh et al., 2012b), while 25 min UCO was associated 

with extensive injury to the white-matter, basal ganglia and thalamus (Bennet et al., 

2007c). Clearly, the extended survival time of the premature fetus paradoxically exposes 

it to profound brain injury (Gunn et al., 2001).  

In parallel with the cardiovascular adaptation, the fetus has a remarkable ability to 

suppress cerebral metabolism during asphyxia, particularly near-term where baseline 

activity is greater (Drury et al., 2012). This is mediated by neuromodulators such as 

adenosine that actively suppress cerebral metabolism (Hunter et al., 2003). Further, there 

is evidence that the fetal brain can utilise lactate and ketones as a fuel source (Vannucci 

& Duffy, 1976; Hernandez et al., 1980; Vannucci et al., 1981; Hellmann et al., 1982; 

Chao et al., 1989; Turbow et al., 1995; Vannucci & Vannucci, 2000; Lust et al., 2003), 

which may be beneficial during ischaemia. 

1.2.2. Maturational changes in fetal adaptation 

As previously mentioned, the preterm fetus can survive prolonged periods of oxygen 

deprivation due in part to increased cardiac glycogen levels. The cardiac glycogen content 

is lower at baseline and falls more rapidly in near-term fetuses with a shift to more hepatic 

glycogen (Dawes et al., 1959; Shelley, 1961). This alters plasma glucose availability, 

with higher levels at comparable points during prolonged UCO at term (Drury et al., 
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2012), but presumably this was mobilised from the liver, and cardiac glycogen used 

preferentially in the heart. EEG activity, which is higher in near-term fetal sheep, was 

suppressed more rapidly at the onset of UCO compared to preterm fetal sheep (Drury et 

al., 2012). There was a more rapid suppression of peripheral blood flow during asphyxia 

in near-term fetal sheep (Wassink et al., 2007), likely mediated by increased sympathetic 

activity (Booth et al., 2012). The reduction in fetal heart rate (FHR) during UCO was 

similar between preterm and near-term fetal sheep, consistent with the early development 

of the parasympathetic nervous system (Booth et al., 2011). Near-term fetal sheep show 

more rapid hypoxic depolarisation during asphyxia and markedly different patterns of 

near-infrared spectroscopy (NIRS) defined redox changes of the electron transport chain 

compared to the preterm (Drury et al., 2012).  

1.2.3. Brain maturation and the distribution of injury 

Sheep are a precocial species, completing the majority of their brain development in-

utero. For comparative purposes the fetal sheep brain at 0.8-0.85 gestational age (ga) is 

broadly equivalent to a term human fetus or neonate (Barlow, 1969; McIntosh et al., 1979; 

Hagberg et al., 2002), while 0.6 and 0.7 ga fetal sheep are equivalent to a 26-28 and 30-

34 week human fetus or neonate respectively (Barlow, 1969; McIntosh et al., 1979). In 

addition to the anatomical changes, the mature fetus and neonate have a greater 

dependency on oxygen for adenosine triphosphate (ATP) generation than the immature 

fetus. For example, human fetuses show an increase in the ratio of phosphocreatine to 

inorganic orthophosphate between 28 and 42 weeks gestation, consistent with increasing 

basal metabolism (Azzopardi et al., 1989b). Similarly, in fetal sheep basal cerebral blood 

flow and oxygen consumption per 100 g weight increase towards term (Gleason et al., 

1989; Jensen & Berger, 1991). 
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There is a striking difference in the pattern of brain injury between preterm and term 

neonates following perinatal asphyxia. In preterm neonates the most common pattern is 

periventricular white matter injury, also known as leukomalacia (PVL), which occurs on 

a spectrum from macroscopic cystic lesions to microscopic necrosis (Barkovich & 

Truwit, 1990) to diffuse cell loss without necrosis (Buser et al., 2012). In addition to 

white matter injury, in both clinical and experimental settings profound asphyxia is 

associated with neuronal damage in the basal ganglia, thalamus and hippocampii, but 

rarely in the neocortex (Barkovich & Truwit, 1990; Barkovich & Sargent, 1995; George 

et al., 2004; Dean et al., 2008). PVL is associated with local astrogliosis, microgliosis 

and reduced premyelinating oligodendrocytes (preOL) (Inder et al., 2005; Dean et al., 

2006a; Dean et al., 2006b; Back et al., 2007; Buser et al., 2010). Oligodendrocyte 

maturational stage appears to be closely related to the development of WMI in the 

premature fetus, with preOL (late oligodendrocyte progenitors) being most susceptible to 

HI mediated injury in experimental settings (Buser et al., 2010).  

Clinically, term and near-term infants with HIE show two major patterns of injury; 

parasagittal cortical damage or basal ganglia damage (Barkovich & Truwit, 1990). 

Parasagittal injury occurs in the parasagittal white matter and cortex and dorsolateral 

basal ganglia, in the watershed zone between the anterior and middle cerebral vascular 

end zones (Torvik, 1984), and is most often associated with progressive insults with 

moderate hypotension, also referred to as ‘prolonged partial hypoxia’ (de Vries & 

Jongmans, 2010). The latter pattern of injury, which is more common, appears to be 

associated with more abrupt, profound insults involving profound hypotension 

(Barkovich & Truwit, 1990), associated with sentinel events such as abruption or cord 

prolapse (de Vries & Jongmans, 2010). 
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Intriguingly, term neonates with congenital heart disease (CHD) tend to show a similar 

pattern of WMI to preterm neonates with HIE. Although most CHD is considered ‘stable’ 

from a cardiovascular point of view in-utero, there is good evidence that brain metabolism 

is impaired in the third trimester, and that brain volume is reduced (Limperopoulos et al., 

2010). Further, around one third of neonates with CHD show WMI before surgery (Miller 

et al., 2007) (see Introduction Chapter 1.5), but not in a pattern consistent with ‘prolonged 

partial hypoxia’, which many of them are exposed to. 

1.2.4. Cardiovascular instability 

Although it is still unclear what constitutes normal blood pressure in preterm infants, 

treatment of hypotension is generally based on target blood pressures defined from either 

gestational age or deviation from the mean (Seri & Evans, 2001; Cayabyab et al., 2009). 

The development of cardiogenic shock following asphyxia at birth can occur rapidly, 

leading to irreversible end organ damage. Approximately 50% of term infants required 

blood pressure support in the first 24 h following asphyxia at birth, and is likely higher in 

preterms. The goal of increasing blood pressure is to improve systemic perfusion and 

cerebral perfusion (Seri & Evans, 2001). However, several studies have shown that many 

neonates with a ‘normal’ blood pressure had poor systemic blood flow due to peripheral 

vasoconstriction (Seri & Evans, 2001; Noori et al., 2009; Soleymani et al., 2010).  

Volume expansion with normal saline or a colloidal solution is commonly the first 

treatment strategy. However, the actual requirement for volume correction is rare; only 

in neonates with frank blood loss at birth. There is no evidence that volume expansion in 

hypotensive euvolaemic neonates improves mean arterial pressure (MAP) or outcome 

(Seri & Evans, 2001; Cayabyab et al., 2009). Catecholamines, inotropes and 

glucocorticoids are the most commonly used agents for increasing blood pressure in 
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neonates (Seri & Evans, 2001). Studies have shown that in the sick neonate and adult α- 

and β-adrenoreceptor desensitisation can occur (Seri & Evans, 2001), thus the 

vasoconstrictive effects of endogenous and exogenous adrenaline and noradrenaline, 

potentially contributing to hypotension and death. Moreover, the preterm myocardium 

may be unable to adapt in time to increased afterload after birth, leading to impaired 

cardiac output. Glucocorticoid treatment appears to ameliorate both of these phenomena 

by reducing receptor desensitisation and increasing contractility independent of β-

adrenergic or dopaminergic actions (Seri & Evans, 2001). 

1.3.  The evolution of brain injury 

The seminal insight by Wyatt and colleagues into perinatal brain injury was that it evolves 

over time. This followed the clinical observation that many neonates initially recover 

from resuscitation at birth, only to deteriorate many hours later (Azzopardi et al., 1989a; 

Roth et al., 1997; Gunn & Bennet, 2009). The following two reviews discuss the phases 

of the evolution of brain injury after an acute insult. The first review discusses the 

evolution of injury from the perspective of therapeutic hypothermia, while the second 

review is from the perspective of seizures and evolving brain injury. In this thesis 

‘seizure’ will refer to electrical seizures unless otherwise defined as ‘clinical seizures’.  
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1.4.  Mechanisms of hypothermic neuroprotection 

Paul P. Drury, BSc,* Eleanor R. Gunn,* Laura Bennet,* Alistair Jan Gunn, MBChB, PhD,* 

 

1.4.1. Preface 

Therapeutic hypothermia for term neonates is the only neuroprotective treatment to have 

successfully been translated from pre-clinical animal studies into routine clinical care. 

The following review discusses the mechanisms thought to underlie the neuroprotective 

effects of hypothermia, and where hypothermia is less effective. It presents these 

mechanisms from the perspective of the phases of the evolution of brain injury, and thus 

forms a continuum from Chapter 1.3-1.6. It was written for a clinical audience. It is 

currently in press in Clinics in Perinatology. 
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1.4.2. Synopsis 

Prolonged, moderate cerebral hypothermia initiated within a few hours after severe 

hypoxia-ischemia and continued until resolution of the acute phase of delayed cell death 

can reduce acute brain injury, and improve long-term behavioural recovery in term infants 

and in adults after cardiac arrest. Perhaps surprisingly, the specific mechanisms of 

hypothermic neuroprotection remain unclear, at least in part because hypothermia 

suppresses a broad range of potential injurious factors. In the present review we critically 

examine proposed mechanisms in relation to the known window of opportunity for 

effective protection with hypothermia. Better knowledge of the mechanisms of 

hypothermia is critical to help guide the rational development of future combination 

treatments to augment neuroprotection with hypothermia, and to identify those most 

likely to benefit. 
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1.4.3. Introduction 

There is now compelling clinical evidence from meta-analyses of large randomized 

controlled trials that in term infants with moderate to severe hypoxic-ischemic 

encephalopathy, prolonged, moderate cerebral hypothermia initiated within a few hours 

after birth and continued until resolution of the acute phase of delayed cell death reduces 

neural injury (Rutherford et al., 2010; Shankaran et al., 2012), and improves 

neurodevelopmental outcome in the medium to long-term (Edwards et al., 2010; Guillet 

et al., 2012; Shankaran et al., 2012). The specific mechanisms of this protection remain 

surprisingly unclear, in part paradoxically because a very wide range of potentially 

deleterious mechanisms are suppressed, making it difficult to distinguish between 

changes during cooling that are critically beneficial, compared with those that are 

indifferent or even deleterious. In the present review we will critically assess potential 

mechanisms of hypothermic neuroprotection in relation to the window of opportunity for 

cooling after severe hypoxia-ischemia (HI).  

1.4.4. The evolution of hypoxic-ischemic injury 

The central insight that underpinned development of therapeutic hypothermia was that HI 

injury evolves over time. We now know that although neurons may die during the actual 

ischemic or asphyxial event (the “primary” phase), many cells initially recover at least 

partially from the primary insult in a “latent” phase during which oxidative metabolism 

is at least partially restored despite continuing suppression of EEG activity (Azzopardi et 

al., 1989a; Bennet et al., 2006b; Iwata et al., 2008). After moderate to severe injury, this 

is typically followed by secondary deterioration, starting hours later (approximately 6 to 

15 h), with delayed seizures (Gunn et al., 1997), cytotoxic oedema, accumulation of 

excitatory amino acids (EAAs), failure of mitochondrial oxidative activity (Lorek et al., 
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1994; Bennet et al., 2006b), and ultimately, cell death (Gunn & Thoresen, 2006). More 

severe primary insults are typically associated with more severe primary damage 

(Williams et al., 1992), and more rapidly developing cell death (Williams et al., 1992; 

Sabir et al., 2012). 

1.4.5. What can we learn from the window of opportunity for 

hypothermia? 

It is not completely clear when in this process evolving cell death becomes irreversible. 

Empirically, neuroprotection requires that hypothermia is started during the so-called 

‘latent’ or early recovery phase of transient restoration of cerebral oxidative metabolism, 

before secondary failure of oxidative metabolism, and continued until after resolution of 

the secondary phase (Gunn et al., 1997; Gunn et al., 1998b; Gunn et al., 1999; Roelfsema 

et al., 2004; Sabir et al., 2012). Thus, pragmatically, the window for treatment appears to 

close after the start of secondary energy failure, corresponding with an ‘irreversible’ stage 

in the evolution of delayed cell death (Gunn & Gluckman, 2007). 

1.4.6. Mechanisms of action of hypothermia during hypoxia-ischemia 

At the most fundamental level, injury requires a period of insufficient delivery of oxygen 

and substrates such as glucose (and lactate in the fetus) such that neurons and glia cannot 

maintain homeostasis. As outlined in Figure 1, the key mechanisms of primary injury and 

death include: 

1. Anoxic depolarization. Once the neuron’s supply of high-energy metabolites such 

as ATP can no longer be maintained during HI, the energy dependent mechanisms 

of intracellular homeostasis including the Na+/K+ ATP dependent pump begin to 

fail. Neuronal depolarization opens sodium and calcium channels, leading to rapid 
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entry of these cations into cells (and potassium out). This creates an osmotic and 

electrochemical gradient that in turn favours further chloride and water entry 

leading to cell swelling (cytotoxic oedema). If sufficiently severe, this may lead 

to acute cell lysis (Rothman & Olney, 1995). 

Even after surprisingly prolonged and severe insults, however, many swollen neurons can 

still recover, at least temporarily, if the hypoxic insult is reversed or the osmotic 

environment is manipulated. Evidence suggests that several additional factors act to 

increase cell injury during and following depolarization, including: 

2. extracellular accumulation of EAAs, mediated by increased release after neuronal 

depolarization coupled with impaired energy dependent re-uptake by astrocytes 

(Tan et al., 1996), which in turn promote further receptor mediated cell swelling 

and intracellular calcium entry (Rothman & Olney, 1995); 

3. generation of oxygen free radicals such as the highly toxic hydroxyl radical (•OH), 

leading to lipid peroxidation and DNA/RNA fragmentation (Bagenholm et al., 

1998; Fraser et al., 2008); 

4. neuronal nitric oxide synthase (nNOS) mediated release of the reactive oxygen 

species NO• (Wei et al., 1999b), which can damage key lipoproteins in cell 

membrane, organelles and mitochondria; 

These damaging events are partly balanced by protective responses that help reduce cell 

injury, including: 

1. inhibitory amino acids such as γ-aminobutyric acid that accumulate to much 

greater levels in the developing brain than in adult animals (Tan et al., 1996). 
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2. adenosine, an inhibitory neuromodulator derived from breakdown of ATP that 

helps delay onset and reduces the severity of energy failure during asphyxia 

(Hunter et al., 2003). 

Hypothermia protects the brain during severe HI by: 

1. a graded reduction in cerebral metabolism of about 5% for every degree of 

temperature reduction (Laptook et al., 1995b), which delays the onset of anoxic cell 

depolarization. The protective effects of intra-insult hypothermia are not simply due 

to reduced metabolism, since cooling substantially reduces damage for a given 

absolute duration of depolarization compared to normothermia (Bart et al., 1998). 

Additional factors include: 

2. reduced accumulation of EAAs during intra-ischemic hypothermia in adult and 

newborn animals (Nakashima & Todd, 1996; Thoresen et al., 1997). This is primarily 

due to the delay in depolarization, although there is evidence for a reduction in the 

rate of release even after depolarization has occurred (Nakashima & Todd, 1996). 

3. suppression of NO and superoxide formation, presumptively due to slowing of 

chemical reactions, as shown in hippocampal slice cultures (McManus et al., 2004), 

during ischemia and reperfusion in rodents (Lei et al., 1997), cardiac arrest in young 

adult dogs (Lei et al., 1994), and during and immediately after HI in the piglet 

(Thoresen et al., 1997). 
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Figure 1. Flow chart illustrating injurious events during hypoxia-ischemia and potential 

therapeutic targets for hypothermia. EAAs: excitatory amino acids. NO•: nitric oxide. OH•: 

hydroxyl free radical. 

1.4.7. Cooling during reperfusion 

After cerebral circulation and oxygenation are restored at end of the insult, oxidative 

metabolism rapidly recovers in surviving cells and cytotoxic oedema resolves over 

approximately 30 to 60 minutes (Tan et al., 1996; Bennet et al., 2007b; Iwata et al., 2008). 

The key events outlined in Figure 2 include: 

1. EAA levels rapidly fall in parallel with resolution of the acute cell swelling (Tan et 

al., 1996); 

2. the rapid restoration of tissue oxygenation is associated with a further rapid burst of 

NO and superoxide formation (Thoresen et al., 1997); 
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3. breakdown of the blood brain barrier, allowing large proteins to leak out in the 

extracellular space. This may increase brain swelling and is associated with 

degradation of key regulatory proteins in the vascular basement membrane, at least in 

part mediated by induction of enzymes called metalloproteases (Nagel et al., 2008). 

Hypothermia started immediately after reperfusion in newborn piglets appeared to 

accelerate this resolution as shown by reduced extracellular levels of EAAs, and reduced 

NO efflux in the brain (Thoresen et al., 1997). Further, in adult rats, cooling after global 

ischemia was associated with reduced blood brain barrier (BBB) leakiness and brain 

oedema 24 h later, provided that it was induced within 1 h after ischemia, apparently 

through inhibition of metalloproteinases (Nagel et al., 2008). However, metalloproteinase 

inhibition after HI in neonatal rats has had inconsistent effects (Ranasinghe et al., 2012). 

Taken with the observation that hypothermia is neuroprotective even when delayed by 

more than an hour after HI (Gunn et al., 1997; Gunn et al., 1998b; Colbourne et al., 2000; 

Sabir et al., 2012), it seems unlikely that these mechanisms are critical to its beneficial 

effects. 
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Figure 2. Flow chart illustrating potential therapeutic targets for hypothermia during 

reperfusion from hypoxia-ischemia (HI). NO: nitric oxide. MMPs: matrix 

metalloproteinases. BBB: blood brain barrier. 

1.4.8. Are excitotoxicity and free radicals relevant to post-insult 

cooling? 

It is now known that: 

1. both extracellular accumulation of EAAs and excess free radical production largely 

resolve during reperfusion after the insult and appear to have returned to normal 

values during the latent phase of recovery from HI (Tan et al., 1996; Bagenholm et 

al., 1997; Thoresen et al., 1997; Fraser et al., 2008); 

2. in vitro, intra-insult hypothermia did not prevent intracellular accumulation of 

calcium during cardiac arrest in vivo (Kristian et al., 1992), or during EAA exposure 

in vitro (Bruno et al., 1994); 

3. cooling initiated after wash-out of EAAs prevented neuronal degeneration in vitro 

(Bruno et al., 1994). 
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Thus, the ability of hypothermia to reduce release of excitotoxins does not appear to be 

central to its neuroprotective effects even during HI, and cannot easily account for the 

protective effects of delayed cooling. These data suggest that the critical effect of 

hypothermia is to block the intracellular sequelae of depolarization and EAA exposure.  

1.4.9. Cell death mechanisms in the latent phase 

Although the mechanisms of delayed cell loss are clearly multifactorial, there is 

increasing evidence that key pathways include activation of programmed cell death 

pathways, augmented by the inflammatory reaction and abnormal receptor activity as 

shown in Figure 3. Programmed cell death is activated by: 

1. excessive calcium influx during and after HI (Zipfel et al., 2000), promotes 

depolarization of the mitochondria (the ‘intrinsic’ pathway of apoptosis) (Schild et 

al., 2001), leading to permeabilization of the outer membrane of the mitochondria, 

with release of pro-apoptotic proteins, including cytochrome c.  

2. abnormal excitatory receptor activity promoting further Ca2+ entry; 

3. loss of trophic support from astrocytic growth factors (Clawson et al., 1999), 

4. secondary inflammatory reaction to HI (Giulian & Vaca, 1993), with release of 

cytokines and activation of cell surface death receptors (and thus the ‘extrinsic’ 

apoptosis pathway) (Graham et al., 2004). 

Evidence that hypothermia can suppress programmed cell death 
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Post-insult hypothermia typically suppresses 

hypoxia-associated protein synthesis 

(Bossenmeyer-Pourie et al., 2000), and multiple 

gene responses to ischemia, particularly genes 

involved in calcium homeostasis, cellular and 

synaptic integrity, inflammation, cell death, and 

apoptosis (Nagel et al., 2012). Thus it is plausible 

that hypothermia would help prevent ‘active’ 

forms of cell death. Although studies using 

morphological criteria for apoptotic cell death have 

had inconsistent outcomes (Bossenmeyer-Pourie et al., 2000), in practice post-hypoxic 

cell death represents a continuum between apoptosis and necrosis, as recently reviewed 

(Northington et al., 2011). Activation of caspase-3, the final ‘executioner’ caspase, is a 

reasonable, although nonspecific, marker of activation of apoptotic pathways.  

In vitro, mild hypothermia directly suppressed neuronal apoptosis induced by serum 

deprivation, with reduced activation of caspases -3, -8, and -9 after 24 h, and reduced 

cytochrome c translocation, consistent with suppression of both the intrinsic and extrinsic 

pathways of apoptosis (Xu et al., 2002). Further, hypothermia during focal ischemia in 

adult rats reduced expression of the cell death receptor Fas and activation of caspase-8, 

supporting a direct effect on the extrinsic pathway of apoptosis (Liu et al., 2008). 

These studies examined forms of intra-insult cooling. However, in vivo, in the near-term 

fetal sheep, hypothermia delayed for 90 min after ischemia markedly suppressed caspase-

3 activation in white matter (Roelfsema et al., 2004). Similarly, in postnatal day 7 (P7) 

rat, an age when brain development is comparable to the late preterm human infant (Rice 

et al., 1981), immediate induction of hypothermia after HI reduced caspase-3 expression 

Therapeutic targets for 

hypothermia in the latent phase: 

Programmed cell death 

 Intrinsic pathway 

 Extrinsic pathway 

Secondary inflammation 

 Microglial activation 

 Microglial chemotaxis 

 Cytokine release 

Abnormal receptor activity 

 Hyperactivity 

 Receptor composition 

Mitochondrial preservation 
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in the cortical infarct (Askalan et al., 2011), and in pre-oligodendrocytes (Xiong et al., 

2013). In adult rats, after transient focal or global ischemia mild hypothermia suppressed 

activated caspase-3 immunoreactivity (Zhao et al., 2005; Zgavc et al., 2013), upregulated 

the anti-apoptotic protein bcl-2, reduced expression of the pro-apoptotic protein p53 

(Zhang et al., 2010), and attenuated release of cytochrome c (Yenari et al., 2002; Zhao et 

al., 2004; Zhao et al., 2005). In adult guinea pigs, cooling after cardiac arrest reduced 

opening of the mitochondrial permeability pores (Gong et al., 2013). 

Finally, combined treatment with the anti-apoptotic agent, insulin-like growth factor 1, 

and hypothermia starting 4.5 h after cerebral ischemia in near-term fetal sheep did not 

show additive neuroprotection (George et al., 2011), suggesting that these treatments 

were working in part though overlapping mechanisms.  

Inflammatory second messengers 

Brain injury leads to induction of the inflammatory cascade with increased release of 

cytokines and interleukins (IL) (Hagberg et al., 2005). These compounds are believed to 

exacerbate delayed injury, whether by direct neurotoxicity and induction of the extrinsic 

pathway of apoptosis or by promoting leukocyte diapedesis into the ischemic brain. For 

example, tumour necrosis factor alpha (TNF-α) and interferon-γ mediated inducible nitric 

oxide synthase (iNOS) expression were associated with mitochondrial DNA damage and 

apoptosis in cultured oligodendrocytes (Druzhyna et al., 2005). 

In vitro, hypothermia inhibits microglia proliferation, chemotaxsis, and induction of pro-

inflammatory cytokines, and the translocation and binding of a key inflammatory signal, 

nuclear factor-kappaB, and attenuated microglia neurotoxicity, during and critically, after 

exposure to both hypoxia and lipopolysaccharide (Si et al., 1997; Yenari et al., 2006; 

Schmitt et al., 2007; Seo et al., 2012). In some settings, cooling may also increase release 
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of anti-inflammatory cytokines (Diestel et al., 2010). In adult animals, hypothermia after 

transient focal ischemia and brief cardiac arrest attenuated subsequent increases in 

cytokines such as interleukin-1β and TNF-α (Meybohm et al., 2010b). Consistent with 

this, post-insult hypothermia suppressed activated microglia after transient ischemia or 

asphyxia in fetal sheep (Roelfsema et al., 2004; Bennet et al., 2007c; Barrett et al., 2012; 

George et al., 2012). 

Intriguingly, despite potent suppression of microglia by hypothermia, it has little effect 

on astrocytic proliferation in vitro (Si et al., 1997). This raises the possibility that the 

hypothermic protection against post-ischemic neuronal damage may be, in part, the result 

of differential effects on glia, with suppression of microglial activation but relative 

sparing of restoration of the normal homeostatic environment by astrocytes. 

Excitotoxicity 

In contrast to their role during the primary and reperfusion phases, given that extracellular 

levels rapidly return to baseline values (Tan et al., 1996; Thoresen et al., 1997), the 

importance of EAAs after reperfusion is surprisingly unclear. In the temperature 

controlled environment of the fetal sheep, anti-excitotoxin therapy limited to the 

secondary phase did not reduce neuronal injury in severely injured parasagittal cortex and 

had only limited neuroprotective effects in other regions (Tan et al., 1992; Gressens et 

al., 2011). 

Nevertheless, even with normal levels of extracellular glutamate, excitotoxicity may still 

play an indirect role. There is evidence of pathological hyperexcitability of glutamate 

receptors after HI in P10 rats, with improved neuronal outcome after receptor blockade 

(Jensen et al., 1998). Consistent with this, in preterm fetal sheep, treatment with glutamate 

antagonist after asphyxia reduced neuronal loss (Dean et al., 2006a), although protection 
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was much less than with hypothermia started at a similar time (Bennet et al., 2007c). 

Further, in adult animals, neuronal death after ischemia has been associated with a 

selective, delayed change in the composition of the alpha-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptor, with specific down-regulation of GluR2, a 

subunit that limits Ca2+ influx. Hypothermia has been found to: 

1. attenuate the post-ischemic reduction in the GluR2 subunit in adult gerbils (Colbourne 

et al., 2003); 

2. suppress excessive transient epileptiform activity in the first 6 h after asphyxia in 

preterm fetal sheep (Bennet et al., 2007a), with a close correlation between 

suppression and neuroprotection. 

Further studies are needed to confirm whether these mechanisms are important after 

hypoxic-ischemic injury in the term-equivalent brain.  

Protection of the mitochondria 

Mitochondrial failure is a hallmark of delayed cell death (Bennet et al., 2006b). Clearly, 

maintaining mitochondrial function is crucial in promoting survival after HI. Post-

ischemic hypothermia maintains mitochondrial respiratory activity after 2 h reperfusion 

in the adult gerbil (Canevari et al., 1999), and guinea pig (Gong et al., 2013), and intra-

ischemic hypothermia has been shown to preserve activity after 4 days recovery in 

neonatal rats (Nakai et al., 2001). It is unclear though whether this reflects direct 

protection of the mitochondria, or whether it is secondary to suppression of inflammation 

and programmed cell death. 

Induction of growth factors 
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Perhaps surprisingly in view of the general tendency of hypothermia to suppress new 

protein synthesis, there is evidence in the adult rat that mild hypothermia after cardiac 

arrest is associated with augmentation of the increase in levels of growth factors such as 

brain-derived neurotrophic factor (BDNF) and others (D'Cruz et al., 2002; Schmidt et al., 

2003), which might help protect injured cells. Despite this, BDNF infusion in 

normothermic animals was not neuroprotective (Callaway et al., 2008). Thus, induction 

of these growth factors does not seem to be a major mechanism of hypothermic 

neuroprotection. 
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Figure 3. Flow chart illustrating key therapeutic targets for hypothermia during the 

latent phase of recovery after hypoxia-ischemia. EAA: Excitatory amino acid. GluR2: 

calcium impermeable subtype of alpha-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor. ER: Endoplasmic reticulum. TNFa: Tumour necrosis 

factor alpha. FADD: Fas-Associated protein with Death Domain. BCL-2: B-cell 

lymphoma 2 family of proteins. BAX: Bcl-2 associated X protein. BAK: Bcl-2 

antagonist/killer. AIF: Apoptosis inducing factor. 

1.4.10. Hypothermia in the Secondary Phase 

There is compelling evidence that hypothermia started in the latent phase must be 

continued for 48 h or more to achieve optimal neuroprotection (Gunn & Thoresen, 2006). 

The precise reasons are unknown. The most likely explanation is that it is necessary to 

continue suppressing the programmed cell death and inflammatory pathways until normal 
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homeostasis returns. However, it could in part reflect suppression of secondary events in 

this phase, including hyperperfusion, cytotoxic oedema and delayed seizures (Figure 4).  

 

Cerebral metabolism  

During the latent phase cerebral blood flow and metabolism are both suppressed. This 

suppression is actively mediated by multiple neuroinhibitory pathways (Jensen et al., 

2006), and likely helps mitigate the effects of abnormal excitatory activity. From 6 to 8 

h, hyperperfusion develops progressively, to a maximum after 36 to 48 h (Gunn et al., 

1997; Gunn et al., 1998b). Hypothermia suppresses the secondary hyperperfusion after 

ischemia in the fetal sheep (Gunn et al., 1997; Gunn et al., 1998b), but late hypothermia 

that was not protective also effectively suppressed it (Gunn et al., 1998b). Clinically, 

hypothermia markedly attenuated the secondary fall in the cerebral vascular resistance 

index, but reduced its predictive value (Elstad et al., 2011). Thus, this effect appears to 

be independent of neuroprotection. 

Secondary cytotoxic oedema 

Similarly, neuroprotection with delayed cerebral cooling started 90 min after cerebral 

ischemia potently suppresses secondary cytotoxic oedema in near-term fetal sheep (Gunn 

et al., 1997). However, strikingly, late induction of hypothermia (8.5 h after ischemia) 

Effects of hypothermia during the secondary phase 

1. Possibly contributing to neuroprotection 

a. Reduced seizure burden may protect less severely 

injured areas of the brain by reducing anaerobic stress 

2. Not contributing to neuroprotection 

a. Reduced cerebral hyperperfusion. 

b. Reduced cytotoxic oedema 
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also completely prevented secondary cytotoxic oedema in the same paradigm, despite no 

significant neuroprotection (Gunn et al., 1999). These findings are highly consistent with 

the ability of hypothermia to reduce brain swelling after brain trauma and in other clinical 

settings (Sadaka & Veremakis, 2012), and suggest that it is not a direct mechanism of 

neuroprotection.  

Seizures 

Intense, difficult to treat seizures are one of defining characteristics of neonatal 

encephalopathy (Williams et al., 1990). Intense excitation during seizures leads to 

excessive local metabolic demand, which can potentially cause local neuronal death 

(Miller et al., 2002). In near-term fetal sheep, treatment with MK-801, a highly potent, 

selective glutamate antagonist, between 6 and 24 h after cerebral ischemia prevented 

delayed post-ischemic seizures (Tan et al., 1992). Despite this, there was no improvement 

in parasagittal neuronal loss, and only a modest improvement in less damaged regions 

such as the temporal lobe. These data suggest that severe seizure activity in the secondary 

phase can contribute to spreading of injury from the core area of damage to more mildly 

affected regions. Clinically and experimentally, there is evidence of reduced seizure 

burden and reduced intensity of seizures during cooling (Bennet et al., 2007a; Glass et 

al., 2011b; Srinivasakumar et al., 2013a). Thus, the reduced metabolic demand associated 

with hypothermia in this phase might help to protect less severely injured regions from 

further injury (Gunn et al., 1999). 
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Figure 4. Flow chart illustrating potential therapeutic targets for hypothermia, during 

the phase of secondary deterioration after hypoxia-ischemia. 

1.4.11.  Final conclusions 

The mechanisms underlying hypothermic neuroprotection are multifactorial, as 

summarized in Table 1. Suppression of excitotoxicity, oxidative stress, inflammation, 

intracellular signalling and programmed cell death are all effects of hypothermia at 

different times. Critically, it is suppression of ‘downstream’ events after anoxic 

depolarization and excitotoxicity that appear to be critical to hypothermic 

neuroprotection. We speculate that the differential effects of mild hypothermia to 

suppress programmed cell death and microglial activation without suppressing the 

recovery of normal homeostasis is central to long-term brain recovery. Further elucidation 

of these downstream pathways, particularly in the latent phase and during long-term 

recovery, will help us to design effective combination therapies. 
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Mechanism of 

injury 

Relevance to therapeutic hypothermia? 

Anoxic 

depolarization 

Limited. Relevant to cooling during hypoxia-ischemia such as 

surgery 

Accumulation of 

EAAs/ ROS 

Limited. Reduced rate of release of EAAs/ ROS by cooling 

during HI. Little evidence that it is affected by delayed cooling 

Prevention of BBB 

breakdown 

Limited. Early induction of hypothermia after ischemia can 

prevent BBB breakdown, however, hypothermia is 

neuroprotective when delayed after the apparent critical window 

for protecting the BBB 

Programmed cell 

death 

Strong. Hypothermia is associated with suppression of caspase-

3, hypoxia-associated protein synthesis, the mitochondrial 

permeability transition, and components of the intrinsic and 

extrinsic pathways 

Secondary 

inflammation 

Strong. Mild hypothermia potently suppresses microglial 

activation, production of inflammatory cytokines and other 

neurotoxins 

Abnormal 

glutamate receptor 

activation 

Moderate. Hypothermia reduces adverse changes in composition 

of the AMPA receptor and suppresses epileptiform transients/ 

abnormal receptor activation in the latent phase. The effect 

correlates with neuroprotection, but more studies needed to 

determine the role of these effects at term 

Cerebral 

hyperperfusion 

Unlikely. Hypothermia extends the phase of cerebral 

hypoperfusion and reduces hyperperfusion independently of 

neuroprotection 

Cytotoxic oedema Unlikely. Hypothermia potently suppressed delayed cytotoxic 

oedema, but independently of neuroprotection 

Induction of 

growth factors 

Limited. In some settings hypothermia can augment the increase 

in some growth factors after HI, but not clear whether this is a 

significant contributor to neuroprotection 

Electrographic 

seizures 

Limited. Potentially, hypothermia may reduce injury in 

penumbral, more mildly affected regions by reduced neural 

metabolism or anti-excitotoxicity effects; however, the 

neuroprotective effects of delayed hypothermia are much greater 

than anticonvulsants alone. 

Table 1. Potential mechanisms of hypothermic neuroprotection. 
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1.5.  The case for a randomised, placebo controlled, anti-convulsant 

trial for neonatal seizures secondary to HIE in the hypothermia era 

Paul P Drury BSc(Hons)*, Michael J Keogh BMBS(Hons) MRCP*,1, Joanne O Davidson 

PhD*, Eleanor R Gunn,* Laura Bennet PhD*, Alistair J Gunn MBChB PhD FRACP* 

1Department of Neurology, Royal Victoria Infirmary, Newcastle upon Tyne, Newcastle, 

UK 

 

1.5.1. Preface 

Neonatal seizures are considered a near-ubiquitous component of HIE. Although it is 

common clinical practice to treat neonatal seizures, there is little evidence to show that 

neonatal seizures cause new injury. In light of this the following review was intended to 

provoke debate by presenting one side of an argument for not treating neonatal seizures. 

The review also expands upon some mechanisms of injury discussed in the previous 

chapter. Submitted to Lancet Neurology. 
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1.5.2. Abstract 

There is intense debate whether seizures associated with perinatal hypoxic-ischemic 

encephalopathy induce, or reflect brain injury. Clinical and experimental studies 

following hypoxia-ischemia are generally confounded by evolving encephalopathy, 

making it difficult to assess the independent effect of seizures on brain injury. Moreover, 

a recent Cochrane review concluded that there was no evidence that anti-convulsants 

reduce death or disability and limited evidence for a reduction in seizure burden following 

perinatal asphyxia. Despite the significant preclinical and clinical neuroprotection 

afforded by therapeutic hypothermia many infants continue to show clinical and sub-

clinical seizures. We believe that in the modern era there is a strong case for a randomised, 

placebo controlled trial to address this issue. 
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1.5.3. Introduction 

Neonatal seizures are very common, occurring in 0.6-2.7 per 1000 live births at term 

(Minchom et al., 1987; Curtis et al., 1988; Scher et al., 1993a; Lanska et al., 1995; Lien 

et al., 1995; Thornberg et al., 1995; Ronen et al., 1999; Foley et al., 2005) and 57.5-132 

per 1000 live births in preterms (Scher et al., 1993a; Lanska et al., 1995). The majority 

of these data are based on clinical seizures; the incidence of clinically silent electrographic 

seizures is many fold higher (Scher et al., 1993a; Murray et al., 2008; Glass et al., 2011b). 

Recent clinical data continue to suggest that in the majority of term infants with acute 

encephalopathy the insult occurred around the time of birth (Cowan et al., 2003; Gunn & 

Bennet, 2008b).  

It is still intensely debated whether seizures associated with acute perinatal HIE actually 

exacerbate injury, or are simply a manifestation of the underlying damage (Cole et al., 

2002; Scher, 2003; Ferriero, 2004; Jobe, 2009; Thibeault-Eybalin et al., 2009). Despite 

markedly improved anti-convulsant formulations and a reduction in neonatal seizures 

over the past 30 years, there has been no apparent improvement in neurological outcome 

(Holden et al., 1982; Mellits et al., 1982; Ronen et al., 2007; Vining, 2008). A recent 

Cochrane review concluded that there was no evidence for a reduction in death or 

disability and limited evidence for a reduction in seizure burden with anti-convulsant use 

following perinatal asphyxia (Evans et al., 2007). Currently, there is one clinical trial 

recruiting neonates with HIE undergoing hypothermia to be randomised to topiramate or 

placebo on admission (NCT01765218). This trial is effectively testing topiramate as an 

adjuvant neuroprotective agent to hypothermia, as presumably standard anti-convulsants 

will be used at the discretion of the attending physician. While it may reveal a reduction 

in anti-convulsant requirement, in a small study in near-term fetal sheep topiramate 

administered 5 h after 30 min cerebral ischaemia did not reduced seizures or improve 
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histopathological outcome (Gressens et al., 2011). However, topiramate has shown some 

benefit when used as a second or third line agent (Glass et al., 2011c). 

Koch’s Postulates suggests that three steps are required to show causality; the 

phenomenon correlates with the outcome, increasing the phenomenon makes the outcome 

worse, and decreasing the phenomenon makes the outcome better. We will discuss these 

three steps in turn to demonstrate that while seizures correlate with injury, there is limited 

evidence that they are causative. We propose that there is now a strong case for a 

randomised placebo controlled anti-convulsant trial for term neonatal HIE in the 

therapeutic hypothermic era (Gunn & Bennet, 2010b). 

1.5.4. The association of seizures with encephalopathy and 

neurodevelopmental outcome 

The incidence of neonatal encephalopathy is 3.8-6 per 1000 live births (Badawi et al., 

1998a; Cornette & Levene, 2009), with 1.8-5.9 attributable to acute asphyxia at birth 

(Cornette & Levene, 2009). Studies have shown that between 32-36% of infants with HIE 

subsequently develop clinical seizures (Thornberg et al., 1995; Pisani et al., 2009), and 

conversely up to 57% of all neonatal seizures are associated with HIE (Ronen et al., 1999; 

Arpino et al., 2001; Pisani et al., 2007; Ronen et al., 2007; Khan et al., 2008; Nunes et 

al., 2008). There is therefore a close relationship between HIE and neonatal seizures. An 

example of this relationship was demonstrated by Cowen et al (Cowan et al., 2003). In 

351 term infants presenting within 72 h of birth with either encephalopathy, seizures, or 

both, 80% of the infants with encephalopathy and asphyxia had lesions of their deep grey 

matter, cortex, or white-matter (Cowan et al., 2003), demonstrating the confounding of 

neonatal seizures with underlying HIE. 
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With regard to the seizure activity in particular, the correlation between seizure amplitude 

and neuronal loss is intrinsically non-linear; in near-term fetal sheep (equivalent to the 

term newborn human) an increasing duration of cerebral ischaemia of up to 30 min was 

associated with increasing seizure amplitude and neuronal loss, however when the 

duration of ischemia was increased to 40 minutes there was a significant reduction in 

seizure amplitude, despite more extensive neuronal loss (Figure 5, (Williams et al., 

1992)). Consistent with these data is a recent study by Ronen et al who showed that there 

was no correlation between term neonatal seizures and mortality, learning difficulties at 

school, post-neonatal epilepsy or physical disability (Ronen et al., 2007).  

The rationale for anti-convulsant treatment is based on the correlation of neonatal seizures 

with the development of epilepsy in later life (Jensen, 1999; Rakhade & Jensen, 2009). 

For example, in a study of 92 term infants with birth asphyxia there was a significant 

association between seizures and the development of epilepsy (Pisani et al., 2009). 

Critically however, this significance was lost when the degree of HIE was included in the 

statistical model, and only the presence of moderate to severe HIE was independently 

associated with the development of epilepsy, confirming the confounding with HIE. 

Other studies have also found no association between neonatal seizures and epilepsy 

(Legido et al., 1991). 

Similarly, the contribution of seizures to injury in HIE remains difficult to determine. In 

a seminal magnetic resonance spectroscopy (MRS) study Miller and colleagues showed 

an association between clinical neonatal seizures and elevated lactate and reduced 

NAA/choline after adjusting for the presence of injury on MRI (Miller et al., 2002). 

Further, they found that elevated lactate co-localised with reduced NAA/choline and 

injury on MRI. These data confirm that seizures are indeed associated with anaerobic 

metabolism and cell death. However, they did not define a temporal relationship between 
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the onset or duration of seizures and MR imaging. Seizures and metabolic stress are 

known to occur from the onset of secondary mitochondrial failure after hypoxia-ischemia 

(HI) (Figure 6, (Bennet et al., 2006b; Gunn & Bennet, 2008b)), and, clearly recurrent 

seizures could exacerbate existing evolving injury if there was a significant mismatch 

between oxygen demand and supply (Pereira de Vasconcelos et al., 2002). However, we 

have previously shown that cerebral blood flow (CBF) increases once a certain threshold 

is reached during the seizure (Gonzalez et al., 2005). Thus, there is again confounding 

between the evolution of injury after asphyxia, and the effects of post-asphyxial seizures. 

Moreover, around half of all ‘electrographic’ seizures are clinically silent in term infants, 

clinical seizures without EEG confirmation may represent non-epileptic paroxysmal 

disorders (Scher et al., 1993a), and anti-convulsants can be associated with electro-

clinical uncoupling (Scher et al., 2003). Therefore, only a minority of total seizures are 

likely to have been included in such observational studies. 

Therapeutic hypothermia reduces seizure burden in neonates with HIE (Simbruner et al., 

2010; Low et al., 2012; Srinivasakumar et al., 2013b), and although not powered to detect 

an effect on the occurrence of status epilepticus, a strong trend was shown for a reduction 

in the hypothermia group (Low et al., 2012). In a paediatric setting, hypothermia 

abolished refractory status epilepticus in a small trial (Guilliams et al., 2013), while 

experimentally, hypothermia was associated with a significant reduction in status 

epilepticus in rats (Kowski et al., 2012). While there was a reduction in epileptiform 

events in the near-term sheep model, the occurrence and effect on status epilepticus has 

not yet been formally assessed (Gunn et al., 1997).  

Now that therapeutic hypothermia is routine care for the asphyxiated newborn it is 

important to know whether this modifies the relationship between seizures and outcome. 

In a secondary analysis of the NICHD whole body hypothermia trial, Kwon and 
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colleagues tested the association of clinical seizures with 18 month neurodevelopmental 

outcome (Kwon et al., 2010). After adjusting for treatment and the severity of HIE there 

was no significant association between clinical seizures and later neurodevelopmental 

outcome. Although the study was limited to clinical seizures only the linear regression 

model adjusting for treatment and HIE showed a p-value of 0.37, suggesting the addition 

of electrographic seizures would have little impact. 
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Figure 5. Reproduced from (Williams et al., 1992) with permission. Median frequency 

of the EEG (upper) and peak EEG intensity (lower) following 0 to 40 minutes of 

ischemia. There is a shift to low-frequency spike-wave activity (10 to 30 hours) after 

insults of more than 20 minutes’ duration. The lower graph shows the peak intensity of 

the EEG during the 30 hours after the insult, following smoothing of the data. After 30 

minutes of ischemia, total EEG intensity peaked at 7 ± 3 dB above control levels. A 

period of intensity increased above baseline was not apparent after 40 minutes of 

ischaemia. 
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1.5.5. Does increasing seizures increase injury? 

Pharmacologically induced seizures in rodents has been the major paradigm of 

experimental seizure-induced brain damage for over three decades (Schwarcz et al., 1978; 

Ben-Ari et al., 1980; Leach et al., 1980; Pisa et al., 1980; Nevander et al., 1985; Niquet 

et al., 2007; Dunleavy et al., 2010). There is strong evidence that prolonged kainic acid 

(KA), lithium-pilocarpine, or flurothyl induced seizures are associated with necrotic 

damage in cortical and deep-grey matter neurons, especially in the hippocampus 

(Nevander et al., 1985; Lundgren et al., 1994; Fujikawa et al., 2000; Kubova et al., 2001; 

Chuang et al., 2004; Niquet et al., 2007). The likely mechanism is prolonged localised 

lack of oxygen and substrate, leading to localised relative ischaemia (Ingvar, 1986; Ingvar 

et al., 1987). Similar correlations have been shown in human adults with prolonged, 

repetitive seizures, resulting in cortical necrosis (Men et al., 2000; Donaire et al., 2006).  

However, the evidence is not entirely consistent. For example, in P7 and P13 rat pups 

(broadly equivalent to mildly preterm and full-term human infants respectively) drug 

induced seizures were associated with significant protection from a subsequent drug-

induced seizure, and  protection from a subsequent HI insult compared to controls 

(Towfighi et al., 1999). Further, when either drug was administered after HI there was no 

difference in histological outcome compared with HI alone. This seizure-induced 

preconditioning has also been observed in adult rats (Najm et al., 1998). Moreover, 

NMDA receptor blockade with ketamine, phencyclidine, or MK-801 prior to KA induced 

seizures was associated with marked neuroprotection in deep-brain structures in adult 

rats, despite not suppressing seizure activity in these areas (Clifford et al., 1990), which 

suggests that damage is not directly mediated by seizures.  
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As previously stated, the mechanism of injury in drug-induced seizures is thought to relate 

to a mismatch between energy demand and supply. In adult rats pilocarpine induced status 

epilepticus (SE) was associated with a 400-850% increase in the local cerebral metabolic 

rate of glucose and only a 150-300% increase in local CBF in areas where injury 

developed (Pereira de Vasconcelos et al., 2002). Conversely, areas with little injury 

(brainstem and hypothalamus) showed little mismatch. However, in the same study the 

mismatch was far greater in all areas in P10 rats, where metabolism rose by up to 600% 

and CBF decreased, yet there was remarkably little injury, suggesting an age related 

resistance to mismatch induced injury. Consistent with these data, in infants with SE there 

was no association between seizure duration and neurodevelopmental outcome (van Rooij 

et al., 2007), or for increased mortality in older children with status epilepticus of various 

aetiologies (Maytal et al., 1989). While drug induced seizures are associated with an 

immediate generalised increase in energy expenditure and mismatch of supply and 

demand the profile may be different during seizures associated with HIE where the 

seizure onset may be focal.  

Following 10 minutes of asphyxia induced by complete UCO in near-term fetal sheep 

delayed seizures lasting less than 3.5 minutes were not associated with any significant 

cortical deoxygenation (Gonzalez et al., 2005). In contrast, seizures lasting longer than 

3.5 minutes were associated with a significant fall in tissue oxygenation, suggesting that 

injury is at least possible once the seizure had spread to other regions. However, tissue 

Po2 stabilised during the prolonged seizures with a delayed rise in CBF. The rise in CBF 

closely followed the rise in heat production during the seizure, which promptly returned 

to baseline following the increase in CBF. No further fall in Po2 was seen after the rise in 

CBF, even in seizures as long as 10 minutes. It is also interesting to note that seizure 

amplitude was not associated with the nadir of tissue deoxygenation. These data suggest 
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flow-metabolism coupling is intact, and that in the developing brain there is a certain 

tolerance to tissue deoxygenation before an increase in oxygen delivery is required. 

In an elegant study Yager and colleagues showed in a P10 rat model of KA induced 

seizures following HI, where KA was administered 30 minutes after 15 or 30 minutes of 

HI, that no injury was seen in control, 15 min HI alone, KA alone or 15 min HI + KA, 

whereas injury was only seen in 30 min HI and exacerbated in 30 min HI + KA (Wirrell 

et al., 2001). Critically, further investigation showed the seizures were associated with a 

1.5°C increase in core temperature. When hyperthermia was prevented by ambient 

cooling the seizures continued at a lower amplitude, and were no longer associated with 

increased injury (Yager et al., 2004). Consistent with these data, during therapeutic 

hypothermia seizures continue at lower amplitude despite marked neuroprotection 

(Bennet et al., 2007a). Thus secondary hyperthermia may account for some of the 

additional injury. 

In a prospective follow-up study Miller and colleagues assessed neurodevelopment in 77 

term newborns at risk for HIE (Glass et al., 2009). They found that infants with clinical 

seizures had worse motor and cognitive outcomes after controlling for the severity of 

injury on MRI 5 days after birth. Further, increased seizure severity was associated with 

worse motor and cognitive outcomes, and the conclusion was again that clinical seizures 

cause new or worsening injury (Glass et al., 2009). Three main limitations were 

discussed; the confounding from unmeasured brain injury such as the hippocampus which 

is known to be involved in epileptogenesis, neurotoxic effects of anti-convulsants which 

the non-seizure group did not receive, and the prediction of seizure burden given EEG 

was not continuously monitored. Further, the score of seizure severity also included 

background EEG activity and anti-convulsant use. Presumably, more severe seizures 

require multiple anti-convulsants, which in itself suppresses the EEG background, thus 
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possibly elevating the seizure severity score non-linearly. Moreover, consistent with 

Scher’s studies, almost half of the clinical seizures did not have an electrographic 

correlate; these limitations make it hard to conclude that seizures per se contribute to new 

or worsening injury. 

1.5.6. Anti-convulsants and seizure control 

It is important to first address whether anti-convulsants are effective in suppressing 

seizures, and then secondly whether anti-convulsants reduce injury. The most recent 

Cochrane review assessing the use of anticonvulsants in full term newborns with perinatal 

asphyxia concluded there was no evidence that anti-convulsant use reduces the incidence 

of seizures in the neonatal period (Evans et al., 2007). The seminal neonatal 

anticonvulsant trial by Painter and colleagues demonstrated that 43% and 45% of infants 

with electrographic seizures responded to phenobarbital or phenytoin respectively, and 

increased to around 60% when both drugs were used (Painter et al., 1999). However, the 

criteria for inclusion was a stereotypic seizure lasting at least 10 seconds, while failure of 

treatment was only considered if seizures persisted for longer than 150 seconds. Further, 

the infants who were more likely to ‘respond’ to treatment had a decreasing seizure 

‘burden’ before treatment was assigned. 

A small randomised placebo controlled trial of prophylactic phenobarbitone following 

perinatal asphyxia showed a significant reduction in seizures with phenobarbitone use, 

however this failed to confer any difference in neurological outcome at discharge or 

mortality (Singh et al., 2004). A further prospective observational study followed 33 

neonates given 20-40 mg/kg phenobarbitone over 20 minutes for suspected clinical 

seizures (Boylan et al., 2002). Of the 14 that met inclusion criteria of both clinical and 

sub-clinical seizures and sufficient monitoring for the study, only four neonates 
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responded to phenobarbital, defined as complete control over electrographic seizures, and 

these neonates had a significantly better 1-year neurodevelopmental outcome. However, 

these ‘responders’ had a significantly better background EEG activity, which is known to 

be strongly associated with neurodevelopmental outcome (Pressler et al., 2001; van Rooij 

et al., 2005; El-Ayouty et al., 2007; Murray et al., 2009), in comparison to the other 10 

neonates. Further, although clinical seizures were suppressed in the 10 neonates who did 

not respond, electrographic seizures increased, consistent with electro-clinical 

uncoupling (Scher et al., 2003). 

The short acting benzodiazepine midazolam has been associated with rapid seizure 

suppression in several small case studies (Castro Conde et al., 2005; Sirsi et al., 2008), 

although others have shown no effect (Boylan et al., 2004). Only one study of significant 

size investigating the use of midazolam as an anti-convulsant in the neonatal setting has 

been undertaken. Over a ten year period 45 neonates with EEG-confirmed seizures were 

treated with phenobarbital (up to 40 mg/kg bolus), then phenytoin (20 mg/kg bolus) if 

seizures persisted (Castro Conde et al., 2005). In the last five years of the study 

midazolam (0.15 mg/kg bolus followed with 1 µg/kg/min, and up to 18 µg/kg/min if 

seizures persisted) was given to infants with seizures resistant to the initial regime. All of 

the infants infused with midazolam (following failure of phenobarbital and phenytoin) 

showed a favourable response, defined as no more than two electrographic seizures 

lasting <30 seconds per hour, while only half of the infants given phenobarbital and 

phenytoin showed a similar response. However, a more detailed analysis of the EEG 

pathology, including background activity, showed there was no significant difference 

between groups. Further, the midazolam group had a significantly more favourable 

outcome at 1 year compared to the phenobarbital/phenytoin non-responders, despite no 
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significant difference in the overall seizure severity score, suggesting an effect 

independent of seizure severity.  

The limitation of these data was that the midazolam group were studied at a later date 

where advances in neonatal care could have improved outcome. Further, it was non-

randomised and retrospective. However, if midazolam did indeed improve outcome then 

it may be the first candidate drug to use in a randomised, placebo controlled trial in 

conjunction with therapeutic hypothermia. Experimental data in adult gerbils has shown 

that midazolam confers higher neuroprotection after cerebral ischemia than pentobarbital 

(Ito et al., 1999), and may augment endogenous neurosteroid activity which is in itself 

neuroprotective (Yawno et al., 2007). However, midazolam has been associated with a 

dose-dependent hypothermia in healthy human adults (Matsukawa et al., 1997), 

potentially confounding any neuroprotective effect directly attributable to its 

pharmacological action. 

More recently, prophylactic talampanel and topiramate, both AMPA antagonists have 

shown successful suppression of hypoxia induced seizures and later-life increases in 

seizure susceptibility in a dose dependant manner in P10 rodents (Koh & Jensen, 2001; 

Koh et al., 2004; Aujla et al., 2009). However, the initial hypoxic insult was not 

associated with cell death, resulting in seizures without co-existing HIE, and thus 

allowing the healthy cells to ‘wire together’, leading to epileptic circuits. The acute 

seizures associated with HIE are on a background of impaired cellular function, with 

many dead and dying cells. Potentially, the propensity for injured cells to ‘wire together’ 

might be less. Clinically only a minority of infants with moderate HIE develop epilepsy, 

however, infants surviving after severe HIE have a very high risk of disability, and in the 

study from Pisani and colleagues, 3/5 infant with severe HIE developed epilepsy (Ronen 

et al., 2007; Pisani et al., 2009). It is unknown whether the mechanisms of epilepsy in 
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survivors from such severe neural injury are comparable to the animal studies above; 

clinical studies with AMPA antagonists are needed to resolve this important practical 

question.  

Finally, levetiracetam is being increasingly used in the neonatal setting following 

successful suppression of seizures in children with epilepsy and refractory partial-onset 

seizures (Goraya et al., 2008; Krief et al., 2008; Giroux et al., 2009; Pina-Garza et al., 

2009; Reiter et al., 2010; Li et al., 2011). Although only a small number of case-series of 

neonatal levetiracetam use have been published the data seems promising, with a 

reduction in neonatal seizure burden and subsequent infantile seizures in the majority 

(Hmaimess et al., 2006; Shoemaker & Rotenberg, 2007; Krief et al., 2008; Furwentsches 

et al., 2010). Whether this correlates with an improved neurodevelopmental outcome is 

unclear. Some of the variance in efficacy may be explained by a 50% fall in the half-life 

over the first week of life (Sharpe et al., 2012). However, levetiracetam could be a good 

candidate for a co-treatment trial with therapeutic hypothermia. 

1.5.7. Anti-convulsants and injury 

Several key studies have addressed the effects of anti-convulsants on cell survival in the 

neonatal brain. In P7 rats, Bittigau and colleagues administered phenytoin, phenobarbital, 

diazepam, clonazepam, vigabatrin or valproate to achieve plasma concentrations similar 

to those used in controlling neonatal seizures (Bittigau et al., 2002). They found that every 

agent was associated with widespread apoptotic degeneration in a dose-dependent 

manner, reduced expression of pro-survival neurotrophins, and a significant reduction in 

brain weight after eight days. Spiny mice exposed to clinically relevant dose of 

phenobarbitone, phenytoin and lamotrigine at P7 had impaired striatal synaptic 

development between P10 and P18 as assessed by patch-clamp recordings (Forcelli et al., 
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2012). Interestingly, levetiracetam was not associated with any change in synaptic 

development (Forcelli et al., 2012). In developing neuronal cell cultures glutamatergic 

blockade with AMPA or NMDA antagonists was significantly associated with impaired 

development of GABAergic interneurons (de Lima et al., 2004). This would 

paradoxically place the developing brain at an increased risk of later life seizures, contrary 

to evidence suggesting the early suppression of neonatal seizures is associated with a 

reduction in the development of epilepsy (Rakhade & Jensen, 2009).  

Following HI in newborn piglets Bjorkman and colleagues found that animals treated for 

clinical seizures had a worse histological outcome than untreated animals (Bjorkman et 

al., 2010). Further, there was a non-significant trend for higher injury scores on MRI, MR 

spectroscopy, and histology in treated compared to untreated clinical seizure groups. 

Consistent with these data, several clinical studies have found an association between 

neonatal anti-convulsant use and worse neurodevelopmental outcome (Farwell et al., 

1990; Carli et al., 2004; Ronen et al., 2007). Clearly anti-convulsant use is a surrogate 

measure of seizure severity and presumably encephalopathy; however, these studies did 

not find an association between the number of seizures and outcome. Even high doses of 

phenobarbital given prophylactically following birth asphyxia have failed to improve 

outcome in a randomized controlled trial (Ruth et al., 1991). Moreover, when infants with 

SE were tested as having a categorical ‘good’ or ‘poor’ neurodevelopmental outcome the 

percentage of infants receiving three or more anti-convulsants was remarkably similar 

(van Rooij et al., 2007). 

1.5.8. Does reducing seizures reduce injury? 

There is little clinical data to answer this question, presumably due to the ineffectiveness 

of anticonvulsants, and limited long-term follow up. In the first clinical study 
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investigating the treatment of clinical and electrographic versus clinical only seizures van 

Rooij and colleagues randomised 33 infants with moderate to severe HIE and sub-clinical 

seizures into either treatment of clinical and sub-clinical seizures, or treatment of clinical 

seizures alone (i.e. blinded to aEEG recordings) (van Rooij et al., 2010). They found a 

non-significant trend for a reduction in seizure duration when both clinical and sub-

clinical seizures were treated. However, there was no difference in MRI scores between 

either group. Moreover, the group in which both clinical and sub-clinical seizure were 

treated had a better background EEG activity, which as previously mentioned is known 

to correlate better with clinical outcome than seizures. Further, anti-convulsant 

administration in the group treated only for clinical seizures was effective in stopping the 

clinical seizures, though sub-clinical seizures persisted. 

Given the lack of efficacy shown by traditional anti-convulsants there is growing interest 

in the use of glutamate antagonists to suppress seizures and ultimately improve 

neurological outcome (Rakhade & Jensen, 2009). NMDA receptor blockade with MK-

801, a highly potent and selective glutamate antagonist, between 6 and 24 h after cerebral 

ischemia in near-term fetal sheep prevented delayed post-ischemic seizures and 

suppressed EEG activity (Tan et al., 1992). Despite this, there was no improvement in 

parasagittal neuronal loss, and only a small reduction in less severely affected regions 

such as the hippocampus and lateral cortex. These data suggest that alterations of delayed 

overt electrographic seizure activity in isolation are unlikely to be a major therapeutic 

target in infants with HIE. 

Classically, cell death due to abnormal glutamate receptor activation (excitotoxicity) is 

related to pathologically elevated levels of extracellular glutamate (Dohmen et al., 2005). 

Following post-ischemic reperfusion in adult rats and near-term fetal sheep, extracellular 

glutamate in grey matter rapidly returns to control values (Globus et al., 1991; Tan et al., 
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1996), and thus one might predict that excitotoxicity should not be important after 

reperfusion. Supporting this, in an elegant study in the adult rat, Nurse and Corbett have 

shown that the apparent neuroprotective effect of NBQX, a glutamate antagonist 

administered from 1h after mild ischemia, was actually mediated by mild endogenous 

hypothermia for several days (Nurse & Corbett, 1996). Similar neuroprotection was 

induced by mimicking this profile of cooling over 28 h, while NBQX neuroprotection 

was abolished by warming. Such effects are replicated by therapeutic hypothermia which 

is now routine care in most NICU’s, speculatively nullifying the requirement for 

glutamatergic blockade. Consistent with this, in a retrospective analysis of neonates 

undergoing therapeutic hypothermia prophylactic phenobarbital reduced clinical seizures 

but didn’t improve outcome compared to hypothermia alone (Meyn Jr et al., 2010). 

1.5.9. Reflections on basic biology: are seizures the best therapeutic 

target? 

Despite a significant association with HIE in many studies, seizures may not be the best 

target for therapeutic intervention after perinatal asphyxia. Data from our laboratory 

shows that following a severe asphyxial insult in fetal sheep, seizures develop only after 

the onset of secondary mitochondrial failure (Figure 6, (Bennet et al., 2006b)), and 

therapeutic hypothermia is not neuroprotective if initiated after the onset of seizures 

(Gunn et al., 1999). These experimental data are supported by clinical MR spectroscopy 

studies showing the degree of secondary energy deterioration following birth asphyxia is 

closely related to neurodevelopmental outcome (Azzopardi et al., 1989a; Roth et al., 

1992). Critically, an experimental study in piglets following hypoxia showed that the 

deranged cerebral metabolites measured by MRS were unaffected by post-hypoxic 

seizures (Thoresen et al., 1998), and a phosphorus MR study in eight infants with post-
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asphyxial seizures showed no change in intracellular pH despite a 45% increase in 

oxidative metabolism (Younkin et al., 1986).  

There is some evidence that GABA receptors are excitatory in the developing brain due 

to a higher proportion of NKCC1 channels than KCC2 co-transporters, and thus a higher 

intracellular chloride ion concentration (Ben-Ari, 2002). Consistent with these data, 

blocking NKCC1 with bumetanide has been shown to reduce epileptiform activity in 

hippocampal slices, and suppressed kainic acid induced seizure activity in neonatal mice 

(Dzhala et al., 2005). Although important questions have been asked regarding the lack 

of pre-clinical testing in large animal HI paradigms (Vanhatalo et al., 2009; Chabwine & 

Vanden Eijnden, 2011) bumetanide is currently in clinical trials (NCT01434225 and 

NCT00830531).  

Therapeutic hypothermia is currently the only FDA approved treatment for HIE at term. 

The treatment paradigm is such that it must be initiated before the onset of secondary 

energy failure to be effective (i.e. before the onset of seizures) (Gunn et al., 1999). 

However, half of infants undergoing therapeutic hypothermia showed an increased 

seizure burden over 24 h following enrolment, and this was despite a regime of 

phenobarbitone, fosphenytoin and midazolam for clinical seizures (Yap et al., 2009). 

However, there was demonstrable neuroprotection, presumably attributable to the 

absence of seizure-induced hyperthermia. Interestingly, there was also no association 

between aEEG findings and MRI abnormalities in this study. We have also shown this in 

fetal sheep where therapeutic hypothermia was associated with a reduction in seizure 

amplitude but not total number of seizures despite marked neuroprotection (Bennet et al., 

2007a). Moreover, as previously mentioned NMDA blockade was associated with 

complete seizure suppression following profound cerebral ischemia, but only modest 
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neuroprotection, possibly due to the anti-survival effects of the NMDA receptor blockade 

(Tan et al., 1992). 

 

Figure 6. Reproduced from (Bennet et al., 2006b) with permission. Time sequence of 

changes in fetal total haemoglobin (THb = HbO2+Hb), delta haemoglobin (DHb = 

HbO2-Hb) a measure of relative intracerebral oxygenation, and cytochrome oxidase 
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(CytOx) measured by near infrared spectroscopy before and after asphyxia induced by 

25 min of umbilical cord occlusion (●, n=7) or sham occlusion (O, n=7) in preterm fetal 

sheep. Occlusion data not shown. Data are mean ± SEM hourly averages. * P < 0.05, † 

P < 0.01, ‡ P < 0.005, § P < 0.001, occlusion group vs. sham control group, ANOVA.  
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1.5.10.  Conclusion 

Neonatal seizures are strongly associated with HIE. However, there is little evidence to 

suggest they cause new injury, but rather they appear after the onset of secondary 

mitochondrial dysfunction, and thus are a manifestation of the evolution of HIE. 

Therapeutic hypothermia is associated with reduced seizure burden and likely with 

reduced status epilepticus, reflecting the reduction in neural injury. We believe there is 

now a compelling case for a randomised, placebo controlled trial of anti-convulsants for 

neonatal HIE in the hypothermic era, using new generation anti-convulsants such as 

levetiracetam. 
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1.6.  Further mechanisms of evolving brain injury  

In addition to the mechanisms discussed in the reviews above there are further salient 

features of evolving injury that are important for this thesis. The fate of proliferating 

oligodendrocytes after asphyxia, and the role of nitric oxide (NO) signalling and oxidative 

stress during and after the primary injury are important for later chapters. 

1.6.1. Maturational arrest of proliferation oligodendrocytes 

There is increasing evidence that the proliferation of oligodendrocyte progenitor cells 

following HI in the preterm is arrested at an immature stage of maturation. The seminal 

insight was that this process is mediated by an accumulation of high molecular weight 

hyaluronan produced by activated astrocytes; addition of high molecular weight 

hyaluronan to oligodendrocyte progenitors in culture arrested their maturation, and 

selective digestion restored their maturation (Back et al., 2005). Critically, this has also 

been observed in post-mortem series of preterm neonates with white matter injury (Buser 

et al., 2012).  

1.6.2. Nitric oxide signalling  

NO is an endogenous signalling molecule that has autocrine, paracrine and endocrine 

functions as reviewed in (Larsen et al., 2012). In neonatal piglets nNOS and iNOS are 

both up-regulated immediately following HI and iNOS remained elevated at + 7 d. 

Intriguingly this was mediated by increased nNOS since inhibition of nNOS with 7-nitro-

indazole prevented the up-regulation of both isoforms (Mishra et al., 2006).  

NO competes competitively with molecular oxygen for binding on cytochrome c oxidase, 

and NO inhibition of cytochrome oxidase can synergise with HI to mediate injury by 

further inhibiting oxidative metabolism (Jekabsone et al., 2007). NO inhibition of 
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cytochrome oxidase can lead to generation of oxygen free radicals when electrons escape 

from complexes further upstream in the electron transport chain (Erusalimsky & 

Moncada, 2007). nNOS inhibition can reduce spontaneous action potentials in neurons 

(Artinian et al., 2012), suggesting a modulatory role of neuronal excitability. nNOS 

inhibition increased neurogenesis after adult stroke in mice (Sun et al., 2005), while 

increased iNOS expression was associated with enhanced neurogenesis after stroke (Zhu 

et al., 2003). 

However, there may also be a beneficial role for NO during hypoxia, whereby the 

efficiency of cytochrome oxidase for proton pumping is increased when partially 

inhibited by NO (Clerc et al., 2007), leading to enhanced coupling of oxygen 

consumption and ATP generation (Shen et al., 2001).  

1.6.3. Oxidative stress 

In preterm human PVL cases, increased protein nitration and oxidative stress co-localised 

with premyelinating oligodendrocytes and with astrocytes (Haynes et al., 2003). Similar 

results have been demonstrated in term human neonatal HIE histopathological studies 

with widespread nitrosative stress (Groenendaal et al., 2006). Furthermore there was 

astrocytosis and microgliosis in association with PVL, which are known to mediate 

reactive oxygen species release in response to HI and inflammation (Haynes et al., 2005). 

Free radical generation after HI has been demonstrated experimentally in piglets as 

detected with MRS, leading to lipid peroxidation and reduced NaKATPase activity 

(Numagami et al., 1997). 

Although the generation of oxygen free radicals and subsequent protein and membrane 

damage is thought to occur during HI or early reperfusion (Tan et al., 1996), there is some 

experimental evidence that no oxygen free radical toxicity occurs until the secondary 
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injury phase (Fraser et al., 2008), or at least resolves after the primary insult (Tan et al., 

1996).  

Clinically, there have been several studies using anti-oxidative agents to improve 

outcome after surgery to correct CHD. For example, allopurinol reduced the incidence of 

post-surgical seizures in high risk neonates with hypoplastic left heart syndrome (Clancy 

et al., 2001), although the generation of oxidative stress likely occurred due to 

cardiopulmonary bypass rather than HI per se (Pyles et al., 1995). 

1.6.4. Animal models of brain injury 

Many paradigms of perinatal brain injury have been described that lead to distinctive 

patterns of neural injury. Our laboratory has described several well validated asphyxial 

and ischaemic insults in fetal sheep. For example, in fetal sheep at 0.6 gestation 20 min 

of complete UCO is associated with minimal neuronal loss throughout the brain, whereas 

30 min UCO is associated with severe subcortical neuronal loss including in the medulla 

(George et al., 2004). Similarly, 15 min UCO is associated with minimal injury in 0.7 

gestation fetal sheep (Keogh et al., 2012b) while 25 min UCO is associated with profound 

neuronal injury in the striatum, thalamus and hippocampus, and extensive periventricular 

white-matter injury (Bennet et al., 2007c), similar to preterm human neonates with HIE. 

In near-term fetal sheep 10 min UCO is associated with mild hippocampal injury, but no 

cortical, striatal or thalamic neuronal injury (Hunter et al., 2003). However, establishing 

an experimental paradigm of profound asphyxia at term has been problematic, as the 

duration of UCO likely required to induce parasagittal cortical injury is associated with 

severe cardiovascular compromise and high mortality (Wibbens et al., 2001). For this 

reason we and others use 30 min occlusion of the carotid arteries with ligated vertebro-

occipital anastomoses to produce selective cerebral ischaemia (Williams et al., 1990; 
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Williams et al., 1992; Gunn et al., 1997; Davidson et al., 2012b). Consistent with severe 

HIE in some term neonates, this insult is associated with almost complete loss of the 

cornu-ammonis and parasagittal cortex neuronal populations with moderate injury in the 

striatum, lateral cortex, and thalamus (Williams et al., 1992). However, although this 

pattern of injury replicates what is observed in some term infants with HIE it is a 

functional insult. For example, term HIE attributable to stroke per se, is very uncommon, 

although it was remarkably responsive to therapeutic hypothermia (Harbert et al., 2011). 

Whereas the great majority is attributable to peripartum asphyxia, with or without cardiac 

arrest (Cowan et al., 2003). Furthermore, NIRS studies have shown that UCO was 

initially associated with increased intracerebral oxidised cytochrome c oxidase before a 

secondary decline (Chapter 5), whereas cerebral ischaemia was reported to immediately 

fall (du Plessis et al., 1995; Springett et al., 2003), suggesting a different insult.  In this 

thesis I have used 15 min UCO or longer in near-term fetal sheep to induce a physiological 

insult consistent with the pattern of injury in term infants with HIE. The methodological 

concerns are addressed in Methods chapter 2.5.4 and also in Chapter 5.  
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1.7.  Brain monitoring and identifying injury 

It is important to identify neonates with evolving HIE that may benefit from 

neuroprotective treatment. While moderate to severe HIE may be clinically apparent, this 

is not the case with mild to moderate, or where the neonate transiently appears well in the 

latent phase of evolving injury. 

1.7.1. Clinical examination 

Clinical neurological examination at discharge and Sarnat HIE grading correlate well 

with neurodevelopmental outcome (Murray et al., 2010). However, the original Sarnat 

score is typically done at 24 to 72 h after delivery, where the evidence supports its use, 

well beyond the window of opportunity for therapeutic intervention with the current 

neuroprotective paradigm. Apgar scores are most often assessed at 1, 5, and 10 min after 

delivery. Neither 1 min or 5 min Apgar’s correlated with neurodevelopmental outcome 

in a study of 53 term infants with moderate to severe HIE (Carli et al., 2004), and 5 min 

Apgar scores had a very low sensitivity for HIE (Wiberg et al., 2010). However, the 

combination of low cord pH, requirement for intubation, and a low 5-min Apgar had 80% 

sensitivity and 99% specificity for neonatal seizures (Perlman & Risser, 1996).  

Moreover, 10 min Apgar scores are strongly associated with neurodevelopmental 

outcome in cooled and non-cooled neonates at 18 months and at 6-7 y (Laptook et al., 

2009; Natarajan et al., 2013). However, the American Academy of Pediatrics 

recommends that because of the limitations of Apgar scoring alone, it should not be used 

alone in the diagnosis of asphyxia (2006). Clinical examination by Thompson scoring or 

modified Sarnat encephalopathy grade at 3-5 h were predictive moderate to severe HIE 

at 72 h with a sensitivity and specificity >90% for both (Horn et al., 2013). 
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1.7.2. Electroencephalography 

EEG has become the most commonly used investigation in the workup of a neonate with 

suspected HIE (Bonifacio et al., 2011). There are many features of the EEG such as 

amplitude, continuity, frequency, seizures, sharp waves, sleep-wake cycling, background 

activity, and inter-burst interval that may be useful for predicting evolving injury. 

EEG amplitude and continuity increases with increasing gestational age (Clewlow et al., 

1983; West et al., 2006; Niemarkt et al., 2010). The characteristic preterm EEG pattern 

of alternating Tracé discontinue and Tracé continue activity is largely replaced with 

continuous EEG activity at term, and the development of rudimentary sleep-wake cycling 

on EEG from 28-30 weeks post-conceptual age, which is fully defined by 35 weeks 

(Scher, 2008). This is consistent with fetal sheep studies that showed the transition to 

organised sleep wake cycling occurred between 115-120 d ga (Szeto, 1992), equivalent 

to a 34-36 week human fetus (Barlow, 1969; McIntosh et al., 1979). The high voltage, 

low frequency non-REM state is associated with absence of eye movements, apnoea, 

tonic muscle activity, reduced CBF, and increased MAP and FHR (Dawes et al., 1972; 

Mann et al., 1974; Richardson et al., 1985; Jensen et al., 1986; Dawes, 1988; Szeto, 1992; 

Lumbers et al., 2003). The low voltage, high frequency REM state is associated with 

rapid eye movements, breathing, swallowing, licking, atonia, increased CBF, and reduced 

MAP and FHR (Dawes et al., 1972; Mann et al., 1974; Richardson et al., 1985; Jensen et 

al., 1986; Dawes, 1988; Szeto, 1992; Lumbers et al., 2003). 

Shalak et al showed in a group of term neonates with evidence of intrapartum distress 

that an abnormal early aEEG recording was more specific and sensitive for predicting 

HIE than neurological examination alone, but that there was a 78% sensitivity, 94% 

specificity, and 85% positive predictive value when combined (Shalak et al., 2003). 
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Similar high sensitivity and specificity has been shown in preterm neonates monitored 

with aEEG for suspected HIE (Klebermass et al., 2011). However, others have shown 

that there is no additive value of including aEEG after the diagnosis of moderate to severe 

HIE at predicting 18 month outcome (Shankaran et al., 2011). A recent meta-analysis of 

8 studies in term infants with HIE showed that aEEG had a specificity of 91% and a 

sensitivity of 88% for predicting moderate to severe disability or death (Spitzmiller et al., 

2007), although not all studies included had aEEG performed within 6 h of both. 

Delayed or no return to sleep-wake cycling has been associated with poor outcome in 

both experimental (Davidson et al., 2012b) and clinical studies of term HIE (Murray et 

al., 2009). Although therapeutic hypothermia has been shown to delay the onset of sleep-

wake cycling in neonates with HIE, it is still highly predictive of good outcome (Thoresen 

et al., 2010; Takenouchi et al., 2011). 

While the recovery of background amplitude, sleep-wake cycling and the presence of 

seizures are good prognostic signs of outcome, they only manifest during or after the 

secondary neural injury phase. As previously shown with therapeutic hypothermia, 

treatment must be initiated in the latent phase to be effective (Gunn et al., 1997; Gunn et 

al., 1998b; Gunn et al., 1999; Roelfsema et al., 2004), before the onset of mitochondrial 

deterioration (Gunn & Bennet, 2008b; Drury et al., 2010). Further, although recruitment 

into the cooling trails was based on a clinical diagnosis of HIE and abnormal aEEG, 

studies in our laboratory have shown that early EEG suppression occurs after both short 

and prolonged UCO(George et al., 2004; Keogh et al., 2012b). Thus, a suppressed aEEG 

pattern may not be able to differentiate between mild and severe insult as both may have 

a suppressed background activity.   

Spectral edge (SEF) is the frequency below which 90% of the EEG power lies. Low SEF 

has been shown to correlate with MRI defined WMI over the first few days of life in 
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premature infants (Inder et al., 2003). However, a subsequent study by Wong et al showed 

that SEF did not discriminate between neonates with mild or severe HIE (Wong et al., 

2007), and no further studies have been able to replicate this finding. Therefore low SEF 

is not a good diagnostic feature on its own.  

Sharp wave transient EEG activity is a normal feature of both the preterm and full term 

EEG (Scher et al., 1994). These transients are typically defined as having high frequency 

(>70 ms and <200 ms) and low amplitude (50-200 µV). However, an increased number 

or amplitude of these transients, or their presence on an altered background is abnormal, 

and is associated with neural injury (Hughes & Guerra, 1994; Vecchierini-Blineau et al., 

1996; Biagioni et al., 2000; Okumura et al., 2003; Sofue et al., 2003; Castro Conde et al., 

2004). Although there are few clinical data on the exact timing immediately after birth, 

our laboratory has characterised the development of these transients after a severe 

asphyxial insult in preterm fetal sheep (Bennet et al., 2006b). In addition to increased 

sharp wave transients there were also spikes; faster EEG transients lasting <70ms, which 

were not present on healthy preterm or term EEG (Scher et al., 1994).  

Critically, these abnormal transients peaked during the latent phase, before the onset of 

stereotypic seizures, making them an excellent prognostic sign of evolving 

encephalopathy at a time when intervention can still make a difference to outcome. 

Suppression of these transients was associated with reduced neural injury (Dean et al., 

2006a; Dean et al., 2008), and elevation associated with worse neural injury (Dean et al., 

2006b). In addition to these data from our laboratory and other data from studies in 

rodents, it appears that these abnormal transients are related to post-hypoxic glutamate 

receptor hyperactivity (Jensen & Wang, 1996; Wang & Jensen, 1996; Dean et al., 2006a). 

Further, therapeutic hypothermia is associated with a marked reduction in these transients 

after profound asphyxia in preterm fetal sheep (Bennet et al., 2007a). Mechanistically, 
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they are likely to be similar to the phenomenon of spreading depression, commonly 

observed after cerebral ischaemia and associated with poor outcome. Indeed our 

laboratory has shown that these EEG transients coincide with a brief period of frank 

cerebral haemoglobin desaturation (Bennet et al., 2006b), suggesting that they are 

associated with metabolic stress that may cause further injury. 

1.7.3. Near-infrared spectroscopy 

NIRS was first used clinically in 1985 by Brazy and colleagues (Brazy et al., 1985). 

However its inception began much earlier. Firstly with the discovery that red blood cells 

absorbed near-infrared light at different wavelengths depending on their state of 

oxygenation (Beer, 1852; Stokes, 1863), secondly with the development of 

spectrophotometers capable of detecting concentration changes of the cytochrome 

oxidase intracellular respiratory pigments in vitro by Chance (Chance, 1954), and then 

thirdly by Jobsis who showed for the first time that tissue oxygenation and mitochondrial 

redox state could be monitored non-invasively in real time in-vivo (Jobsis, 1977). Light 

at a wavelength above 1300 nm is completely absorbed by water in biological tissues, and 

below 700 nm it is mostly absorbed by haemoglobin and heavy scattering prevents 

transmission over any meaningful distance through tissue (Jobsis, 1977). However, light 

in the range of 700-1300 nm, the near-infrared range, can easily penetrate biological 

tissue. Oxy- and deoxyhaemoglobin have a slightly different absorption spectra and 

maxima, as does the oxidised Cu-A centre of cytochrome oxidase. Thus by using four 

different wavelengths of near-infrared light and an algorithm that subtracts the 

contribution from other chromophores it is possible to deduce the concentration changes 

with a modified Beer-Lambert law (see Methods chapter 2.5.4). There are several copper 

moieties within cytochrome oxidase. The Cu-A redox centre of the enzyme, the main 
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centre, is responsible for >85 % of the cytochrome oxidase absorption in the near-infrared 

spectrum, while the remainder is made up of the copper B moiety and haeme groups 

(Beinert et al., 1980). Thus the redox centre of concern is most dominant within the near-

infrared spectrum. 

It is important to note that since NIRS interrogates a field of tissue any changes represent 

all vascular beds, with estimates of arterial:venous contribution ranging from 1:2 (Brun 

et al., 1997) to 1:4 (Watzman et al., 2000). Thus NIRS represents a heavily venous-

weighted sample. NIRS measurements of cerebral blood volume have been validated 

using microspheres (Barfield et al., 1999) and computed tomography (Brown et al., 2002) 

in fetal sheep, and changes in oxy- and deoxyhaemoglobin correlated with changes in 

arterial and super sagittal sinus samples (Brun et al., 1997). Further, ΔHb, the difference 

between oxy-haemoglobin (HbO2) and deoxyhaemoglobin (Hb), has been associated with 

transcranial Doppler measured CBF (Bassan et al., 2005). 

Clinically, NIRS has mostly been used in the setting of critically ill neonates with CHD 

(see Chapter 1.9) and to a lesser degree in the setting of perinatal HIE. In a study of 18 

term neonates with severe birth asphyxia Toet et al showed that in the 9 neonates with a 

poor outcome intracerebral oxygenation was increased, with reduced fractional oxygen 

extraction and aEEG scores for 48 h compared to the 9 with a normal outcome (Toet et 

al., 2006). These data are consistent with experimental studies which showed that after a 

profound asphyxial insult there was a delayed fall in cytochrome oxidase (cytox) activity 

and increased intracerebral oxygenation, consistent with secondary neural injury and 

deteriorating mitochondrial function and reduced oxygen extraction (Bennet et al., 2006b; 

Jensen et al., 2006). Similar reductions in oxygen consumption have been shown in piglet 

studies following 30 min cerebral ischaemia (Winter et al., 2009). 
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Although NIRS has shown promising results in detecting evolving neural injury its use 

in an acute setting for perinatal HIE, for example during delivery (Aldrich et al., 1994; 

Peebles et al., 1994; Aldrich et al., 1995), is limited as it is not practical to record with so 

much movement artefact. The main clinical utility of NIRS in an acute setting is during 

surgical correction of congenital heart defects (discussed in Chapter 1.9 and 10.6). 

It is important to clarify any ambiguity used in this thesis for the term cytochrome oxidase 

(abbreviated herein as cytox). Cytochrome oxidase is the enzyme, cytochrome C is a co-

factor through which electrons pass between complex III and complex IV (cytochrome 

oxidase) (Sarti et al., 2012b). Given that they function as a unit the term cytox denotes 

both cytochrome oxidase and cytochrome C, usually with respect to the redox state. Only 

the oxidised form of the copper A moiety within cytochrome C absorbs light strongly in 

the near-infrared range. ‘Cytox’ will be used unless it is important to highlight more 

detailed mechanistic information. 

1.7.4. MRI 

MRI provides a snapshot of structural changes. ‘Early’ MRI provides reliable prediction 

of neurodevelopmental outcome in term and preterm infants (Logitharajah et al., 2009; 

Martinez-Biarge et al., 2011). In particular, injury to the posterior limb of the internal 

capsule is highly predictive of subsequent cerebral palsy and neurodevelopmental 

handicap (Rutherford et al., 1998; Liauw et al., 2008). However, ‘early’ imaging 

generally does not occur until after the latent phase, which is after the window of 

opportunity for intervention. Detection of injury was similar to histopathology for basal 

ganglia, cortical, PLIC, and cerebellar injury, but not for hippocampal, brainstem and 

white matter injury (Alderliesten et al., 2013). Thus, although it can reliable identify some 
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injury and predict outcome it has limited practical use for selecting neonates who may 

benefit from neuroprotective therapy.  

While there is evidence now that injury to the fetal brain can be identified using MRI 

scanning it is unclear whether this could identify fetuses with evolving brain injury. For 

example, in a series of 70 high risk preterm pregnancies 40% of fetuses had an abnormal 

brain MRI (Banovic et al., 2014). However, although there was good long term prediction 

of neurodevelopmental disability there was no association with immediate neonatal 

outcome, such as 1min Apgar score or umbilical artery pH, suggesting that these were 

established lesions, rather than an evolving process. Very early neonatal MRI is now 

available using MRI compatible incubators; there is some evidence that imaging at two 

days provides similar information as later imaging at one week (Wintermark et al., 2011), 

thus targeting delayed treatment such as stem cells to an early MRI may be feasible. 

However, there is no evidence that this will help guide therapy in the latent phase. 

1.8. Cooling and the preterm neonate 

It is important to demonstrate similar neuroprotection in preterm neonates that has been 

shown at term (Gunn et al., 1997; Gluckman et al., 2005), and that it can do so with the 

same safety profile as at term (Gunn et al., 1998a). However, there are additional concerns 

related to the systemic effects of hypothermia in the premature neonate. Early studies 

showed the importance of maintaining a normothermic environment for premature 

neonates (Buetow, 1964; Day, 1964). As reviewed in (Gunn & Bennet, 2008a) mild 

hypothermia is associated with hypotension, increased oxygen consumption, reduced 

surfactant production, increased pulmonary vascular resistance, and promotion of free 

fatty acid release with increased jaundice and infection risk. 
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Experimentally, 3 d selective head cooling started 1.5 h after 25 min UCO was associated 

with widespread neuroprotection in the basal ganglia, thalamus, and hippocampus, and 

oligoprotection in the periventricular white matter (PVWM) and intragyral white matter 

(IGWM) in preterm fetal sheep (Barrett et al., 2012). However, proliferation, as assessed 

with Ki-67 was reduced in the PVWM by hypothermia, although there was no change in 

proliferation in the sub-ventricular zone.  

Until the safety profile of cooling in preterm infants is known, the reduction in 

proliferation further explored, and clinical trials undertaken, putative pharmacological 

neuroprotective agents will be the mainstay of research and treatment.  

1.9.  Pharmacological neuroprotection 

There are several promising neuroprotective agents in pre-clinical development (see 

(Robertson et al., 2012) for review). This thesis focuses on two of these agents for 

neuroprotection; melatonin, and nNOS inhibition. The following sub-chapters discuss 

what is already known on the neuroprotective properties of these agents with respect to 

the mechanisms of evolving injury discussed in Chapter 1.3-1.6. 

1.9.1. Melatonin 

Melatonin is an indoleamine hormone secreted from the pineal gland that is responsible 

for entrainment of circadian rhythm through its action on melatonin receptors. In addition 

to its primary action in modulating sleep melatonin is also a powerful antioxidant, and 

can stabilise the mitochondrial membrane independently of its antioxidant properties (Jou 

et al., 2010). This may be mediated via the melatonin receptors, MT-1 and MT-2, since 

their inhibition with luzindole prevented the effect of melatonin on the re-localisation of 

Bcl-2 from the mitochondria to initiate apoptosis (Radogna et al., 2008). Agomelatine, a 
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melatonin receptor agonist, provided similar protection as melatonin against ibotenate 

induced cystic PVL in P5 mice (Gressens et al., 2008). Melatonin inhibited cardiolipin 

peroxidation and subsequent mitochondrial permeability transition and cytochrome c 

release after HI (Petrosillo et al., 2009a; Petrosillo et al., 2009b). Melatonin has also 

shown beneficial effects in reducing iNOS mediated mitochondrial dysfunction in septic 

rodents (Escames et al., 2006), and can prevent anti-convulsant induced apoptosis 

(Forcelli et al., 2012) as discussed in Chapter 1.5.7. 

Melatonin administered i.p. (10 mg/kg) to pregnant rat dams significantly ameliorated the 

impairment in mitochondrial respiratory activity in the fetal brain after 20 min HI 

(Watanabe et al., 2004). In neonatal piglets Robertson and colleagues demonstrated that 

very high-dose melatonin combined with 24 h whole body hypothermia was more 

neuroprotective than 24 h hypothermia alone after HI (Robertson et al., 2013a); 10 min 

after HI piglets received 5 mg/kg/h melatonin over 6 h which was then repeated 24 h later, 

and piglets were recovered until 48 h. MRS scanning at 24 and 48 h after HI showed that 

piglets treated with melatonin+hypothermia had reduced cerebral lactate and an increased 

exchangeable phosphate pool compared with hypothermia alone (Robertson et al., 

2013a), consistent with reduced anaerobic stress and preservation of mitochondrial 

function. Further, there was additional neuroprotection in the hippocampus, basal ganglia, 

internal capsule, and periventricular white matter, but not in the cortex or thalamus. There 

was no additional reduction in microglia over hypothermia alone, consistent with 

previous reports showing suppression of inflammatory cells by hypothermia in preterm 

fetal sheep (George et al., 2012).  

Others have shown that melatonin was only associated with suppression of microglia in 

the cerebellum in near-term fetal sheep (Yawno et al., 2012). In this study by Yawno and 

colleagues melatonin was given as a 1 mg bolus to the ewe followed by a 1 mg/h infusion 
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from -1 h before 10 min UCO until +1 h after. Melatonin was associated with a reduction 

in lipid peroxidation as assessed with 4-HNE immunostaining, and albumin 

extravasation, in addition to neuroprotection in the hippocampus and cerebellum (Yawno 

et al., 2012). In P7 mice 15 mg/kg melatonin immediately after HI was associated with 

reduced astrogliosis and microglial activation, and with less isoprostane production 

(Balduini et al., 2012), while there was no change in P7 HI infarct volume despite 20 

mg/kg i.p. melatonin treatment 1 h before HI in P7 rats, although there was reduced 

inflammation and increased mature oligodendrocytes in the cingulum and external 

capsule (Villapol et al., 2011). 

Even low doses of melatonin given maternally can significantly elevate fetal plasma 

levels. For example, only 3 mg melatonin given orally to woman in labour was associated 

with significantly elevated maternal vein and umbilical artery and vein melatonin 

concentrations (Okatani et al., 1998). Furthermore, there was an extremely close 

correlation between maternal and umbilical melatonin concentrations (Okatani et al., 

1998). 

Melatonin is hydrophobic. Several different solvents to get it into solution have been used 

in the literature; ethanol is the most common used solvent, while DMSO and polyethylene 

glycol have also been used. Both ethanol and polyethylene glycol have shown 

neuroprotective properties in various settings (Rivers-Auty & Ashton, 2013). Although 

vehicle only groups are used, there is still the potential for confounding of the 

experimental drug result from unknown interactive effects, particularly when such high 

doses of both are used.  
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1.9.2. Nitric oxide synthase inhibition 

Given the contribution of nitrosative injury to the cell membrane and organelles including 

mitochondria during and after HI there has been a lot of interest in suppression of NO 

generation. Until recently there were limited selective inhibitors of the nNOS isoform and 

most studies have used either non-selective NOS inhibitors (Ji et al., 2009a), or used 

iNOS inhibition, as this up-regulated in inflammatory settings. There have been mixed 

results depending on the setting, timing, and pharmacodynamics of NOS inhibition. In 

P12 neonatal rats inhibition of iNOS and nNOS  with aminoguanadine hemisulphate + 7-

nitroindazole respectively immediately after HI was associated with neuroprotection at 6 

weeks recovery as assessed by histopathology, although there was no effect on pro-

inflammatory cytokines 12 h after HI (van den Tweel et al., 2002). In terms of the timing 

of injury is it more attractive to target the nNOS rather than iNOS isoform; while there 

was no significant increase iNOS activity after HI until +12 h (Iadecola et al., 1995), 

nNOS activity increases almost immediately after HI (Samdani et al., 1997; van den 

Tweel et al., 2005). 

In newborn piglets broad NOS inhibition with N-nitro-L-arginine ameliorated free radical 

production during HI, and reduced lipid peroxidation and NaKATPase dysfunction 

(Numagami et al., 1997). Evidence from cell culture and animal studies suggested that 

iNOS induction is required for microglial mediated oligodendrocyte and neuronal injury 

(Bal-Price & Brown, 2001; Li et al., 2005). Continuous broad NOS suppression with N-

nitro-L-arginine starting 4 h post HI and continued for 3 d in near-term fetal sheep was 

associated with worse outcome (Marks et al., 1996a), while selective nNOS inhibition 

prevented the development of a cerebral palsy phenotype after HI in rodents (Yu et al., 

2011). Further, 2-iminobiotin, an inhibitor or iNOS and nNOS was associated with 

significantly reduced nitrosative stress, neuronal apoptosis, and vasogenic oedema, with 
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preservation of aEEG defined cerebral function following HI and recovery to 24 h in 

piglets (Peeters-Scholte et al., 2002c). As previously mentioned, there is also some 

evidence for a positive relationship between neuronal intrinsic NO production and 

excitability (Artinian et al., 2012). 

Mishra and colleagues showed that after HI, increased nNOS expression was associated 

with a negative effect on iNOS expression (Mishra et al., 2006). Consistent with this 

mechanistic link Luo and colleagues showed that a reduction in nNOS after HI allowed 

increased expression of iNOS, and critically an increase in neurogenesis in the 

hippocampus in adult mice (Luo et al., 2007).  

1.10. Neuroprotection beyond the latent phase 

There is now promising evidence that delayed treatment with stem cells can ameliorate 

HIE (Castillo-Melendez et al., 2013; Fleiss et al., 2014)). In P7 neonatal rats, human 

umbilical cord mesenchymal stem cells given systemically 24 hours after HI were 

associated with reduced gliosis and improved motor outcome (Zhang et al., 2014). 

Similarly, in P2 neonatal mice, embryonic stem cell derived neuronal progenitor cells 

were engrafted in the deep layer of the motor cortex 40 hours following HI (Shinoyama 

et al., 2013). There was a significant improvement in the motor deficit consistent with 

cerebral palsy in the sham treated mice. Even more delayed protection was shown in P9 

neonatal mice where mesenchymal stem cells administered intranasally 10 days post-HI 

were associated with significant restoration of NeuN positive cortical and hippocampal 

cells, and with a significant reduction in astrogliosis (Donega et al., 2014). In addition to 

replacing lost neurons stem cells may also exert a paracrine or endocrine anti-

inflammatory effect that modulates the evolution of injury. As previously mentioned there 

was a significant reduction in gliosis following both local and systemic stem cell 
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administration. These data are consistent with studies using stem cells for the treatment 

of ventilation induced lung injury where co-administration of hAECs with initiation of 

invasive positive pressure ventilation in preterm fetal sheep was associated with reduced 

fibrosis and increased septation at one week recovery (Hodges et al., 2012). Further, 

systemic administration of hAECs reduced pro-inflammatory cytokines, pulmonary 

fibrosis and improved lung function in a bleomycin lung injury model (Murphy et al., 

2011), and strikingly, there was no engraftment of cells into the lung parenchyma, 

suggesting a remote beneficial effect of the hAECs. Consistent with an anti-inflammatory 

action hAECs administered in near-term fetal sheep exposed to lipopolysaccharide was 

associated with reduced cortical and white matter Iba-1 immunostaining, and with 

reduced oligodendrocyte loss (Yawno et al., 2013b). 

1.11. Congenital heart disease and brain injury 

In addition to HIE associated with peripartum asphyxia many neonates have 

encephalopathy as a consequence of CHD. The incidence of moderate to severe CHD 

requiring surgical intervention is around 4-10 per 1000 live births (Hoffman & Kaplan, 

2002). The majority of neonates with CHD have MRI-defined brain injury, with 23-50% 

of neonates showing brain injury before surgical correction (Mahle et al., 2002; Dent et 

al., 2005; McQuillen et al., 2007; Andropoulos et al., 2010b; Block et al., 2010) and an 

additional 28-73% of neonates have new injury during or early after correction (Mahle et 

al., 2002; Galli et al., 2004; Dent et al., 2005; McQuillen et al., 2007; Andropoulos et al., 

2010b; Block et al., 2010). One study showed that preoperative injury was unrelated to 

new injury after surgery (Block et al., 2010), suggesting that separate mechanisms could 

be responsible.  



  Chapter 1 - Introduction 

 
68 

Although the majority of neonates with CHD are born at term the pattern of brain injury 

is remarkably similar to preterm HIE, with predominately non-cystic WMI, thalamic and 

basal ganglia injury, but with relative sparing of the cortex (Mahle et al., 2002; McQuillen 

et al., 2007; Miller & McQuillen, 2007). Further, neuroimaging studies have shown that 

brain maturity in neonates with CHD is delayed around one month, with a smaller head 

circumference compared with healthy age matched term infants (Miller et al., 2007; Licht 

et al., 2009). Critically, one magnetic resonance study of human fetuses with CHD over 

their third trimester showed that they had progressively declining relative brain volume 

and a slower increase in their N-acetyl aspartate:choline (NAA:choline) ratio compared 

to healthy fetuses (Limperopoulos et al., 2010). There was also a significantly positive 

relationship between combined ventricular output and relative brain volume. A similar 

study by Miller and colleagues in neonates with CHD showed reduced white matter 

NAA:choline and increased lactate:choline ratios with increased diffusivity and reduced 

fractional anisotropy, consistent with impaired white matter development and metabolic 

stress (Miller et al., 2007). Strikingly however, there was no relationship between the 

MRS and diffusion tensor imaging findings and MRI-defined brain injury before surgery.  

There is also some evidence for a positive relationship between relative brain immaturity 

and injury before and after surgery (Andropoulos et al., 2010b). This is consistent with 

the pathophysiology of preterm brain injury insofar as there are a population of pre-

myelinating oligodendrocytes that are selectively vulnerable to hypoxic-ischaemic insults 

(Bennet et al., 2007c). While there are few data on the impact of chronic hypoxia on the 

population of developing oligodendrocytes, such impaired brain development in fetuses 

with CHD could explain the similar pattern of brain injury following exposure to HI. 

Moreover, WMI is commonly associated with chorioamnionitis and preterm infection, 

and the systemic inflammatory response associated with cardiopulmonary bypass 
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(Madhok et al., 2006; Appachi et al., 2007) may also be at least partially responsible for 

the pattern of injury in some term neonates with CHD. 

The multifactorial nature of brain injury in neonates with CHD has confounded attempts 

to delineate the pathophysiology. It seems likely however that prolonged periods of 

cerebral hypoperfusion and hypoxaemia during and early after surgery contribute to new 

brain injury after surgery (Mahle et al., 2002; McQuillen et al., 2007; Beca et al., 2009a; 

Simons et al., 2012; Sood et al., 2013), despite the pattern of brain injury differing from 

that of ‘prolonged partial hypoxia’. The Boston Circulatory Arrest Study was the first 

seminal insight into the pathogenesis of brain injury during cardiac surgery, and showed 

that prolonged periods of DHCA were associated with post-operative seizures 

(Newburger et al., 1993), lower psychomotor development scores at 1, 4 and 8 years of 

age, but not with MRI-defined injury at 1 year (Bellinger et al., 1995; Bellinger et al., 

1999; Bellinger et al., 2003), although MRI scanning was in its infancy then. However, 

this difference was not maintained into adolescence, although post-operative seizures 

were a risk-factor for worse outcome (Bellinger et al., 2011). Subsequent to this study the 

duration of DHCA has fallen dramatically to around 5 min during correction for 

transposition of the great arteries (TGA) in the modern surgical era. Whether such short 

periods of DHCA are associated with brain injury at such low temperatures is uncertain. 

NIRS monitoring is being increasingly used in this setting to identify such periods of 

cerebral desaturation during and after surgery. Although several small studies have shown 

some evidence for a predictive value of NIRS they have generally used neonates with 

homogenous lesions (McQuillen et al., 2007; Kussman et al., 2010; Simons et al., 2012), 

and to date there are no large NIRS studies with MRI scans before and after surgery to 

address whether NIRS can identify evolving injury in a large heterogeneous cohort. 
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1.12.  Hypothesis and specific aims of this thesis 

The aims of this thesis were: 

 To establish whether profound asphyxia in near-term fetal sheep reproduces a 

clinically relevant pattern of brain injury at term. 

 To establish whether dopamine is a reliable vasopressor agent for post-asphyxial 

hypotension. 

 To investigate the maturational differences of the cerebral response to asphyxia. 

 To test the neuroprotective properties of one FDA approved drug (melatonin) and 

one non-FDA approved (JI-10, a novel nNOS inhibitor) drug given 

prophylactically before profound asphyxia in preterm fetal sheep. 

 To establish the relationship between post-asphyxial seizures and basal ganglia 

injury in preterm fetal sheep. 

 To establish whether near-infrared spectroscopy can identify infants at risk for 

developing brain injury after surgery for correction of congenital heart defects. 
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Chapter 2. General methodology 

This chapter gives an overview of the general methodology used in this thesis. Specific 

methodologies pertaining to individual experiments are described in the relevant chapters. 

All procedures were approved by the Animal Ethics Committee of the University of 

Auckland. 

2.1.  The chronically instrumented fetal sheep 

2.1.1. Relevance to humans 

The sheep brain is a good model for humans as it has a gyrencephalic structure with large 

white matter tracts similar to the human brain. This is unlike small animals which have 

reduced white matter tracts making patterns of injury harder to relate to human injury 

patterns. The absence of a gyral structure in these small animal models distorts the 

distribution of injury and makes it difficult to assess effects on cortical complexity, while 

the lack of significant white matter regions is unsatisfactory for studies of white matter 

injury. The use of this large animal model allows for comprehensive cerebrovascular and 

electrophysiological monitoring of multiple organ systems in utero throughout the 

experiment, which can then be correlated with histological markers and molecular 

biology outcomes (Bennet et al., 1999; Gunn et al., 2001; George et al., 2004; 

Quaedackers et al., 2004a). Physiological parameters can be continuously assessed 

without the confounding effects of anaesthesia, or indeed clinical treatments which may 

lead to further compromise; such as maintenance of adequate cardiorespiratory function 

in the newborn, as well as temperature.  
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The fetal sheep model has some limitations when extrapolating from the fetus to the 

newborn. As the fetus is not a newborn, there are significant differences in metabolism 

and cardiorespiratory function which must be kept in mind. 

Despite this, the chronically instrumented fetal sheep has proven to be a good surrogate 

model for developing therapeutic treatment strategies for the newborn (Gluckman et al., 

2005). 

2.1.2. Development of the fetal sheep brain 

Relative to humans the sheep is precocial at birth; its brain is more mature. The fetal sheep 

at 0.85 gestation is equivalent to the term human, in that it is during this phase that it 

undergoes peak brain growth and myelination (Dobbing & Sands, 1970; McIntosh et al., 

1979). In the sheep cortical myelination begins at 0.7 gestation whilst in the human it only 

begins around 34 weeks (Patterson et al., 1971; McIntosh et al., 1979). Therefore in terms 

of neural maturation the 0.7 gestation sheep brain is comparable to the human preterm 

brain (28-32 weeks). 

2.2.  Subjects 

2.2.1. Chronically instrumented fetal sheep 

Fetuses from Romney ewes time-mated with Suffolk rams were used. Ewes at two to 

three years of age, on second or third pregnancy, were preferred due to improved 

conception rates and a larger uterus. Pregnancies were confirmed by ultrasound at 30-35 

d and then again at 60 d of gestation. Two weeks prior to being moved to the university 

ewes were transferred to a farm feedlot area where they were acclimatised to the food 

type being used in the University (University of Auckland C Mix Sheep Nuts, Country 

Harvest Stockfeeds Ltd., Hamilton, NZ) and to human handling. Pregnant ewes were then 
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brought into the large animal facility of the Faculty of Medical and Health Sciences, the 

University of Auckland, a week prior to surgery (at either 91 d or 112 d of gestation), to 

allow acclimatisation to the internal conditions and handling. 

On arrival at the animal facility the ewes were scored for general condition and wellbeing. 

The ewes were housed together in separate metabolic cages with access to water and food 

ad-libitum. If ewes were not eating well they were offered additional chaff, hay or 

molasses to stimulate their appetite. Sheep holding rooms were kept at a constant 

temperature (16 ± 1° C, 50 ± 10% humidity) with a 12 h light/dark cycle (light hours 

0600-1800).  
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2.2.2. Term neonates with Transposition of the Great Arteries 

Eighteen term neonates were included in the study. It was a sub-analysis of a wider study 

investigating identification of brain injury in neonates with CHD. Some data have 

previously been reported from the wider cohort (Gunn et al., 2012a; Gunn et al., 2012b; 

Ortinau et al., 2012a; Ortinau et al., 2012b; Drury et al., 2013c). Detailed methods, patient 

demographic factors, and description of clinical care are in Chapter 9. Figure 7 shows a 

schematic of the TGA lesion.  

 

Figure 7. Transposition of the Great Arteries. Note the aorta arising from the right 

ventricle and the pulmonary trunk from the left ventricle. This occurs following failure 

of the spiral septum to develop. Two separate parallel circulations are established, 

connected only by the foramen ovale and ductus arteriosus. Closure of these shunts 

after birth results in catastrophic hypoxaemia. Figure prepared by Dr Gabriel 

Espinoza. 
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2.3.  Materials 

2.3.1. Catheters 

Catheters were made of single lumen soft clear polyvinyl chloride (Critchley Electrical 

Products Pty Ltd., Silverwater, AU). Maternal and fetal vascular, and amniotic catheters 

were made from 1.4 m lengths of tubing (2.0 mm outer diameter and 1.0 mm inner 

diameter) over which two rings of wider tubing (1.0 mm lengths) were slipped and bonded 

on with cyclohexanone, approximately 2 mm from the proximal end and 2-3 mm apart. 

These rings formed a hub which allowed the catheter to be secured into a vessel or onto 

the skin. 18 gauge blunt needles with three-way stopcocks were inserted into the distal 

end of all catheters. For maternal vascular catheters no additional assembly was required, 

while for amniotic catheters approximately five small holes were cut around the tubing at 

the proximal end to stop the catheter blocking. For fetal vascular catheters, a 150 mm 

length of thinner tubing (1.2 mm outer diameter, 0.8 mm inner diameter (025 catheter) or 

1.27 mm outer diameter and 0.86 mm inner diameter (030 catheter)) was worked 

approximately 5 cm inside of the larger catheter and then bonded on with cyclohexanone. 

The thinner tubing was cut to the appropriate length before insertion during surgery. 

2.3.2. Electrodes (EEG, EMG, ECG and impedance) 

Electrocardiogram (ECG) electrodes were made from 1.65 m lengths of insulated three 

stranded stainless steel wire (AS633-3SSF, Cooner Wire Co., Chatsworth, USA). Two 

strands of wire were isolated from the outer sheath at 46 cm from the proximal end and 

the teflon-coating stripped off. The stripped lengths of wire were rolled into balls to be 

used as the electrodes. From the distal end of the electrode the same two wires were 

isolated at 30 mm, stripped, and soldered to a nine-pin connector. Combined cortical EEG 

and electromyogram (EMG) electrodes were made from 1.4 m lengths of insulated seven-
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stranded stainless steel wire (AS633- 7SSF, Cooner Wire Co, Chatsworth, USA). All 

seven strands of wire were isolated from the outer sheath at 150 mm from the proximal 

end. A fabric disc (approximately 0.5 mm thick, 6 mm diameter) was threaded onto each 

of four of the wires to be used as connectors to attach the electrode to the fetal skull. A 

double knot was tied in each of these wires below the discs at 50 mm from the wire end. 

The teflon-coating was then stripped off the wires below the knot, and the wires rolled 

into balls to be used as EEG electrodes. The electrodes were individually marked for 

identification to allow correct placement at surgery. For the EMG electrode, a double knot 

was tied in two of the remaining wires at 80 mm from the proximal end, and 5 mm of 

teflon-insulation stripped from immediately below the knot. The last wire was cut back 

to 100 mm long, a double knot tied at 50 mm from the end of the wire, and 5 mm of 

teflon-insulation removed from immediately below the knot to be used as a reference 

electrode. The outer mesh sheath that had surrounded the seven teflon-coated strands was 

kept to be used as a ground electrode. From the distal end of the electrode all wires were 

isolated at 70 mm, stripped, and soldered to a 37-pin connector. 

For impedance electrodes 1.4 m of three strand stainless steel wire (AS633- 7SSF, Cooner 

Wire Co, Chatsworth, USA) was used. 30 mm at the plug end and 13 cm at the fetal end 

of the wire were exposed from the outer sheath and the Teflon coating was stripped off. 

At the proximal end, one wire was completely removed, and the other two wires were 

thread onto a fabric disc and knotted at 30 mm. The wire below the knots was stripped of 

Teflon coating and rolled into balls. From the distal end 1 mm from each of the three 

wires was stripped, and the non-required wire was located and removed. The remaining 

two wires were soldered into a 9 way bucket, pins 6 and 8, and the wire mesh was covered 

with heat shrink tubing and soldered into pin 5.  
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2.3.3. Near-infrared spectroscopy probes 

Conventional NIRS probes supplied from manufacturers are for single use, and their cost 

and bulky probe head makes them prohibitive for regular use in our laboratory. We 

developed NIRS probes (Figure 8) that are completely compatible with the NIRO 500 

machine (Hamamatsu Photonics, Hamamatsu, Japan). 3 m medical light guides 

containing fibre optic glass cables with an inner metal protective sheath and outer silicone 

covering with a standard 3.5 mm Wolf connector at each end (Fiberoptic Components, 

Spratt Technology, Sterling, MA, USA) were marked in the middle and 5 cm of the outer 

sheath stripped either side. The cable was then cut in half using sidecutters. Each cable 

was marked 70 cm from the connector end and the distal 80 cm stripped of its silicone 

covering and metal jacket. The fibre bundle was temporarily tied together and the final 4 

cm was dipped in epoxy resin (Araldite K146, Nuplex Industries, Auckland, New 

Zealand) with the end splayed out to get maximum coverage then tied tightly and left to 

dry for at least 24 h. The distal most tie was then further tied to No 8 wire to allow the 

fibre bundle to be pulled through a new silicone covering (5.5 mm outer diameter x 4 mm 

inner diameter, Elastomer Products Ltd, Pakuranga, Auckland, New Zealand) to cover all 

but the final 1 cm, removing the ties as it was pulled through. Masking tape was placed 

around the proximal 5 mm and the distal 5 mm was cut off the tip perpendicularly using 

a metal hacksaw with the tip placed in a vice to hold the cable steady. The tip was polished 

thoroughly at 90°, starting with rough grade (400) sand paper and slowly progressing to 

the finest grade available before moving to special polishing paper (RS Components, 

Auckland, New Zealand, no longer available) from rough to smooth grade (30, 12, 5 then 

1 µm) with a rubber polishing mat underneath. The polished tip was then held up vertical 

in a vice and a right-angled prism (Melles Griot Uncoated Right Angle Prism, 5mm, 

Clear. Aperture 4.5mm, Lastek Pty Ltd, University of Adelaide, Australia) glued on with 
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a thin smear of epoxy resin and left to cure for at least 24 h. The prism end was then 

placed in a silicone mould to allow epoxy resin with black colouring paste to seal the 

prism, taking care not to get any on the prism face, and left to cure for 24 h. The mould 

was carefully removed and the silicone tubing pulled up to meet the epoxy coated prism. 

More black epoxy resin was injected under and around the end of the silicone tubing to 

seal it and allowed to cure for 24 h. The edges of the resin were then smoothed with a file 

and the entire end coated with a thin layer of silicone sealant (RS silicone sealant, RS 

components, Auckland, New Zealand). A 2 cm length of 8-10 mm diameter heat shrink 

tubing was slid down the cable to cover the proximal end of the silicone tubing and 

underneath the metal covering and shrunk with a heat gun. A further 4 cm length of 8-10 

mm heat shrink tubing was then slid down to cover both ends and shrunk. A 10 cm length 

of glue-lined 12 mm diameter heat shrink tubing was slid down to cover the join and 

shrunk. Finally, a thin layer of silicone sealant was applied over the join to prevent 

moisture getting in. The final product was about 1.5 m long and weighed about 100 g 

(Figure 8). The integrity of the fibers and prism could easily be tested by holding one end 

up to light and observing the other end light up. 
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Figure 8. Near-infrared spectroscopy cables. Inset are the probe heads, consisting of a 

glass prism embedded in resin (black) and sealed with silicon. Fibre optic cabling is 

contained within the rubber sheath. Terminal ends (grey, top-left) connect to a further 

heavy set of fibre optic cabling that runs to the spectrophotometer. Taken by Paul 

Drury. 

2.4.  Surgical methodology 

2.4.1. Animal preparation and anaesthesia 

At 84-86 d, 96-99 d or 118-125 d of gestation ewes and fetuses underwent surgery for the 

fetal instrumentation procedures described below. Food, but not water was withdrawn 18 

to 24 h before surgery to reduce the risk of vomiting during anaesthetic induction, 

intubation and surgery. Ewes were given 5 mL of Streptocin (Procaine Penicillin (250,000 

units (U)) and Dihydrostreptomycin (250 milligrams per mL (mg/mL)), Stockguard Labs 

Ltd., Hamilton, NZ) intramuscularly (i.m.) for prophylaxis 30 min prior to the start of 

surgery. Anaesthesia was induced with intravenous (i.v.) injection of propofol (5 mg/kg; 

AstraZeneca Limited, Auckland, New Zealand) via the maternal cephalic vein, after 

which the ewe was placed in a supine position on the operating table and its limbs spread 
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and restrained. The ewe was then intubated with a 9 mm cuffed inflatable endotracheal 

tube and administered 3-5% isoflurane (Medsource Isoflurane, Lunan Better 

Pharmaceutical Co Ltd, China) in oxygen until completely anaesthetised (CIG Midget 3 

anaesthetic apparatus, Commonwealth and Industrial Gases Pty. Ltd., Preston, AU). To 

maintain anaesthesia the concentration of isoflurane was reduced to 2-3% for the 

remainder of surgery. The depth of anaesthesia and maternal respiration were constantly 

monitored by trained anaesthetic staff. Using this protocol approximately half of ewes 

breathed spontaneously. Those ewes experiencing respiratory suppression were 

ventilated (Ivent Research Ltd., Auckland, NZ). Using this regime both the ewe and fetus 

remained fully anaesthetised for the duration of surgery. A 20 gauge catheter was also 

placed in a maternal front leg vein for the duration of the surgery, and the ewes were 

placed on a constant infusion of isotonic saline drip to maintain maternal fluid balance 

(250 mL/h).  

Once anaesthetised, the ewes’ wool was entirely shaved from the whole abdomen, and 

either the left or the right leg and flank depending on the elected position in the monitoring 

room (Figure 9). The skin was then cleaned with soap and water, and scrubbed with 10% 

povidone-iodine cleanser (Betadine solution, F.H. Faulding and Co., Mulgrave, AU). 

This was washed off with a 2% hibitane solution (Microshield 5-chlorhexidine 

concentrate, Johnson & Johnson Medical Pty Ltd., Sydney, AU) in 70% isopropyl 

alcohol, and a final spray of 10% povidone-iodine cleanser then applied. The preparation 

was completed with five sterile drapes placed to allow a low midline incision, and a 

sigmoidoscopy drape placed to allow the incision of the maternal flank. 
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Figure 9. Anaethetised ewe in supine position on operating table before moving into 

sterile operating room. The ewes wool is shorn from xiphisternum to perineum and 

down both flanks. A final coating of povidone-iodine remains before draping and 

incision. Top right: anaesthetic machine on trolley. 

2.4.2. Fetal surgery 

All surgery was performed under strict aseptic conditions. Surgical instruments, 

equipment, catheters, and electrodes were all sterilised by gamma irradiation, ethylene 

oxide gas, cold sterilisation (70% alcohol and hibitane) or autoclave. A 150-200 mm 

midline sagittal skin incision, anterior to mammary tissue and posterior to the umbilicus, 

was made with a scalpel, taking care to avoid the mammary vein. Electrocautery using a 

short-wave diathermy (Electromedical Systems Inc., Danvers, USA) was then used for 

further incisions and haemostasis. Branches of the mammary vein that could not be 
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avoided and that were too large for diathermy were tied off using 2.0 silk (Resorba 

Wundversorgung, Nürnberg, Germany). 

The abdominal cavity was opened along the linea alba. Before opening the uterus, the 

number of fetuses was assessed, along with fetal position. Catheters and electrodes were 

introduced to the sterile working environment before the uterus was opened. A size-12 

French trochar and cannula was then pushed through the peritoneum and abdominal wall 

exiting on the maternal flank. The trochar was removed and the proximal ends of the 

catheters and electrodes were threaded into the abdominal cavity, via the cannula, and 

pulled up through the midline incision. The cannula was then removed. All catheters were 

then flushed with a 5 U/mL dilution of warmed sterile saline.  

The specific equipment varied for the different protocols; however, generally four 

catheters (4 × 030 (term)/4 x 025 (preterm) and 1 × amniotic), two ultrasound flow probes, 

one ECG electrode, one combined EEG/EMG electrode, one impedance electrode, one 

temperature probe, an umbilical cord occluder and either near-infrared spectroscopy 

probes or combined laser Doppler/pO2/temperature probes were used.  

An incision was made in the uterus via a small hysterotomy incision of about 150 mm 

which ran parallel to the uterine vessels, avoiding the placental cotyledons, in order to 

reduce severe bleeding, to instrument the lower half of the fetus. The edges of the wound 

and the amniotic membranes were supported with Babcock forceps to reduce uterine 

tearing and amniotic fluid loss, and also to support the exteriorisation of the fetus. With 

the hind-limbs exposed, the internal surface of the left hind-limb was blunt dissected to 

expose the femoral artery and vein. Each vessel was ligated distally, and a 030 (near-

term) or 025 (preterm) catheter inserted via a small incision in the top third of the vessel 

made with micro-dissecting Vannas scissors. A slight bevel was cut at the tip of 025 

catheters to help insert into the small preterm vessels while the 030 catheters were inserted 
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blunt into the near-term vessels. After insertion the patency of each catheter was checked 

by withdrawing blood, which was then flushed back with warmed sterile saline. The 

length of the catheter inserted was between 3 and 4 cm (preterms) or 5-6 cm (near-terms) 

so the tip lay just proximal to the bifurcation of the femoral artery or vein in the abdominal 

aorta or inferior vena cava. A proximal ligature secured the catheter within the vessel. 

The wound was then closed using a continuous 2.0 or 3.0 silk suture (Resorba 

Wundversorgung, Nürnberg, Germany) with a cutting needle in near-terms and non-

cutting needle in preterms. The catheters were further secured with silk suture over the 

gluteal muscle with ample length to allow fetal movement without pulling on the vessels. 

The femoral artery was used for the measurement of MAP and the femoral vein used to 

measure mean central venous pressure (CVP).  

A further incision was then made on the internal surface on the right hind-limb and the 

femoral artery exposed. A 2R ultrasound flow probe (Transonic Systems, Ithica, NY, 

USA) was placed around the femoral artery to measure femoral blood flow (FBF), 

secured by carefully sewing the exposed fascia over the flow probe head and the trapped 

air flushed out with sterile saline. The wound was then closed using loose single sutures, 

5 mm apart, to allow the influx of amniotic fluid to preserve the acoustic window of the 

flow probe. The tail was secured in a similar manner to the catheters.  

The uterus was then sutured closed around the catheters using a continuous locking suture 

with a 2.0 non-cutting needle. Care was taken to ensure all amniotic membranes were 

sewn together. To prevent amniotic fluid loss and reduce tension, the incision was then 

over-sewn. 

The fetal head, chest, and forelimbs were exteriorised via a second uterine incision. A 

single incision is not used to expose the entire fetus as it increases the chances of twisting 

of the cord and tangling catheters and electrodes. Care was made to ensure no pressure 
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on the fetal umbilical cord. An incision was then made on the interior surface of the right 

fetal fore-limb, and the brachial artery and cephalic vein located by blunt dissection. 

Catheters were inserted as for the femoral vessels between 1 and 3 cm into these vessels 

so the tip lay in the subclavian artery or vein. These catheters were used for fetal blood 

sampling and drug infusions. The wound was closed and the catheters secured to the skin 

with 2.0 silk suture. The amniotic catheter was attached to the skin sutures so as to be 

placed well within the uterus.  

Subcutaneous ECG electrodes, for the measurement of FHR, were placed diagonally from 

the right shoulder to the left fifth intercostal space through small superficial incisions, and 

sutured closed. An insulated section of the ECG lead was then sutured over the fetal chest 

and again over the fetal shoulder to reduce tension on the electrodes. The fetus was then 

retracted slightly to expose the umbilical cord. A silastic inflatable umbilical cord 

occluder (16 mm internal diameter for preterms and 18 or 24 mm for near-terms, In Vivo 

Metric, Healdsburg, USA) was secured around it, close to the fetal body. The occluder 

lead was secured to the fetus with extra length provided to prevent tension on the 

umbilical cord. Inflation of the occluder was used to induce asphyxia during experiments. 

The fetal forearms were then gently replaced in the uterus, with the head and neck 

remaining exposed. The fetal neck was elongated by extension, and the head was secured 

to the table with a swab and towel clamp if necessary. The carotid artery was exposed via 

blunt dissection and a 3S Transonic ultrasound flow probe (Transonic Systems) placed 

around it around the level of the larynx to measure carotid artery blood flow (CaBF). 

Sterile saline was flushed into the wound during closure to eliminate air bubbles which 

may have interfered with flow probe functioning. The flow probe head was secured to 

stay in-line by suturing strap muscles and fascia either side. The flow probe tail was 

secured 2-3 cm distally to the skin by a cutaneous suture either side and pulled together.  
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The fetal neck was then flexed to expose the scalp. An incision was made down the length 

of the scalp to expose the skull. In order to record biparietal cortical EEG activity, two 

pairs of EEG electrodes (AS633-5SSF; Cooner Wire Co., Chatsworth, CA) were used. 

Four holes (approximately 2 mm diameter) were drilled bilaterally over the parasagittal 

parietal cortex (approximately 10 mm and 20 mm anterior to bregma and 10 mm lateral 

for near-terms and 5 mm and 10 mm anterior to bregma and 10 mm lateral for preterms, 

Figure 10). Four balls of bared wire were then inserted so that they lay on the dura. The 

discs were glued to the skull using cyanoacrylate glue (Selleys Supaglue, Selleys, 

Auckland, NZ) to secure these wires. One reference electrode was sewn into the fetal 

posterior auricular scalp. An incision was made above the nuchal muscle for implanting 

of the two EMG electrodes. Fetal EMG activity was used as an indicator of fetal body 

movements. The uninsulated sections of EMG electrode wires were sewn into the nuchal 

muscle, knotted, and the overhanging wires cut and the wound closed. The final 

grounding electrode was then sewn into the posterior fetal scalp at the base of the scalp 

incision over the occiput. For measuring cortical impedance, a third pair of electrodes 

(Cooner Wire AS633-3SSF) was placed over the dura, 15 mm (near-terms) or 7.5 mm 

(preterms) anterior to bregma and 5 mm lateral to the EEG electrodes (Figure 10). A 

thermistor (Incu-Temp-1; Mallinckrodt Medical, St. Louis, MO to measure brain 

temperature) was placed over the parasagittal dura 30 mm anterior to the bregma; the burr 

holes were sealed using cyanoacrylate glue. The periosteum was cleared and near-infrared 

spectroscopy probes were placed 10-15 mm anterior and 15-20 mm lateral to bregma to 

lie just lateral to the back EEG electrode and posterior to the impedance electrodes (Figure 

10). The distance between the optodes was thus between 3 and 4 cm. The probes were 

secured using rapid setting dental cement (Rocket Red, Shalfoon Dental, Auckland, New 

Zealand).  
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Figure 10. Schematic of placement of EEG and impedance electrodes, NIRS probes and 

combined laser Doppler/Po2/temp probe on a near-term fetus at surgery. Panel A: NIRS 

preparation; Panel B: combined laser Doppler/Po2/temp probe preparation. Figure 

prepared by Ms Lotte van den Heuij and annotated by Paul Drury. 

 

 

Figure 11. Example of near-infrared spectroscopy probes (orange leads with black 

head) attached to a near-term fetal skull with Rocket Red rapid setting dental cement. 

Fetal nose is on the left and neck visible on the right. EEG and impedance electrodes 

can be seen in between the heads of the probes. Photo taken by Mr Vako Maisashvili. 
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Figure 12. Example of near-infrared spectroscopy probes attached to a near-term fetal 

skull with Rocket Red rapid setting dental cement. For orientation the fetal nose is 

pointing towards the bottom of the photo. EEG and impedance electrodes can be seen 

in between the heads of the probes. Photo taken by Mr Vako Maisashvili. 

Finally, a small burr hole was drilled 5 mm lateral and 15 mm (near-terms) or 7.5 mm 

(preterms) anterior to bregma and a four-part composite probe (diameter ~ 400 μm) 

containing emitting and receiving laser Doppler channels, a pO2 electrode and 

thermocouple (customised 15 mm tip, BF/OFT/E probe, Oxford Optronix, Oxford, UK) 

was inserted through the dura into the underlying sagittal cortex and secured with dental 

cement as for the NIRS probes (Figure 13). The electrodes are coated and not affected by 

either cyanoacrylate glue or dental cement. Where one of these probes was used no 
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additional thermistor was used. Only one of either NIRS or the combination probe were 

used on any one fetus as placement of both on the skull is cumbersome and the laser 

Doppler light source interferes with the near-infrared light.  

The scalp was then reattached to the skull with cyanoacrylate glue and the leads of 

electrodes, NIRS or combination probe secured over the fetal back between the shoulders. 

 

Figure 13. Example of combination laser Doppler/pO2/temperature probe attached to 

a near-term fetal skull with Rocket Red rapid setting dental cement. For orientation the 

fetal nose is pointing towards the bottom left. The probe head and wings are exiting the 

fetal skull and attached to the white lead on the top right. EEG and impedance 

electrodes can just be seen lateral to the probe. Photo taken by Mr Vako Maisashvili. 

2.4.3. Closing procedures and maternal surgery 

When all fetal surgery was completed the fetal head was eased back into the uterus with 

the head in as close to the original position as possible, along with sufficient catheter 

length to avoid tension and allow fetal movement. If required warm sterile saline (50-500 

mL) was poured into the uterus to replace the amniotic fluid loss during surgery. The 

uterus was closed as for the bottom half. Gentamicin (gentamicin sulphate antibiotic, 80 

mg, Pharmacia, Auckland, NZ) was also added to the amniotic cavity to provide further 

antibiotic coverage. All fetal leads were exteriorised through the maternal flank. The fetal 
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vascular catheters were then flushed with heparinised sterile saline (10 U/mL) to maintain 

patency and the stopcocks capped. The peritoneum was closed with umbilical cotton tape 

(Johnson & Johnson Medical Pty. Ltd.), the wound of the maternal skin infiltrated with a 

long acting local anaesthetic Marcaine (Bupivacaine hydrochloride 0.25%, AstraZeneca 

Ltd. Auckland, NZ) to provide analgesia, and the skin sutured closed using 1.0 silk. The 

main maternal side-wound was closed using a purse-string suture. 

For post-operative care and euthanasia the maternal long saphenous vein was 

catheterised. A 40 mm incision was made just above the tarsus and over the cleft formed 

by the tibia and fibula on the maternal hind leg. Prior to implantation, a trochar and 

cannula was passed through this incision and manipulated subcutaneously to exit on the 

maternal flank. The cannula was then removed and the vein exposed by blunt dissection 

and catheterised with a 040 catheter as previously described for fetal vascular catheters, 

and the wound closed. The maternal vein catheter was supported by suturing it to the skin. 

Ewes were revived from anaesthesia, extubated and moved into metabolic crates, and 

then returned to the laboratory (Figure 14) where they remained for the duration of the 

study. All exteriorised catheters and leads were kept in an enclosed Perspex box 

suspended from the side of the ewe’s metabolic crate. 
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Figure 14. Looking ewe housed in metabolic crate after surgery. Note the Perspex box 

on the right of the image through which all fetal catheters and leads feed into. There is 

a water through on the left of the image. Food is in front of the ewe, behind the front 

panel. Photo taken by Paul Drury with permission of Dr Joanne Davidson. 

2.4.4. Post-operative care and monitoring 

Following the end of surgery the ewe was monitored for at least an hour or until seen to 

stand up and start eating. Over the subsequent days the ewe was monitored for signs of 

behavioural distress including failure to eat or drink, bruxism, agitation, calling, 

restlessness and huddling (i.e. a withdrawn, head down anxious appearance). At least 4 d 

recovery was allowed before experiments. During the recovery period daily fetal blood 

arterial blood samples (0.3 mL) were drawn under aseptic conditions in order to monitor 

fetal and maternal health. Samples were tested for the pH, partial pressures of arterial 
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carbon dioxide (PaCO2) and oxygen (PaO2), haemoglobin, haematocrit and oxygen 

saturation (Ciba-Corning Diagnostics 845 Blood Gas Analyser/Co-oximeter, 

Massachusetts, USA), and blood glucose and lactate determination (YSI 2300, Yellow 

Springs Instruments, Ohio, USA). Fetal health was also monitored by continuous 

measurement of BP, HR, brain activity and body movement. Fetal catheters were kept 

patent by continuous infusion of heparinised saline (20 U/mL at 0.2 mL/h). 

Ewes were given i.v. antibiotics (80 mg gentamicin daily for the first 4 d, and 600 mg 

Crystapen (Biochemie GmbH, Vienna, Austria) daily for the first 4 d) after surgery. The 

fetus was not directly given antibiotics as they can cause fetal organ abnormalities and 

dysfunction. Fetal infection was prevented by strict aseptic practices both during surgery 

and during post-operative care and experimental management. Experiments were not 

conducted if the fetal pH was below 7.30, the PO2 below 18 mmHg for preterms and 16 

mmHg for near-terms, or if the fetus displayed signs of distress on physiological 

recordings. 

2.5.  Data Acquisition and Processing Methods 

The ewes and the monitoring equipment were housed in separate rooms adjacent to each 

other. Glass panelling allowed two-way observation and holes cut into the walls allowed 

for the passage of appropriate leads. All signals were acquired at 512 Hz using a 16 bit 

A/D card with circular buffering DMA (PCI-6036E, National Instruments, Austin, USA), 

processed online, collected by computer, and stored to disk for offline analysis as raw 

record, and also as 1 min averaged intervals, from 24 h prior to experimentation until 3 

or 7 d after the end of asphyxia. 
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2.5.1. Fetal cortical EEG, spectral edge, nuchal EMG, impedance and 

ECG 

The signals from EEG electrodes were channelled via leads through individual unity gain 

head-stages for reduction of noise by selective signal amplification (10,000×). The use of 

low impedance, ground and driven-shielded leads helped to suppress movement artefact 

or electrical interference. The EEG signal was also low-pass filtered with a sixth order 

low-pass Butterworth anti-aliasing filter, with the -3 dB point set to a cut-off frequency 

of 50 Hz. The signals were then digitised by computer at a sampling rate of 512 Hz, and 

the real-time intensity spectra and derived parameters calculated from 4 s epochs of the 

digitised signal (Williams & Gluckman, 1990). 

The total EEG intensity (square microvolts (µV2)) was calculated on the intensity (power) 

spectrum between 1 Hz and 20 Hz. EEG spectral edge frequency (Szeto, 1990) was 

calculated as the frequency below which 90% of the intensity was present. For clarity of 

data display the EEG intensity was log transformed (EEG amplitude (dB), 20 x log 

(intensity)), as this transformation gives a better approximation of the normal distribution 

(Gasser et al., 1982; Williams & Gluckman, 1990). The EEG amplitude and spectral edge 

measurements were then stored to disk as 1 min averages for the analysis of average 

changes over time. Additionally, the un-averaged raw EEG signal was processed through 

a digital finite impulse response low-pass filter with a cut-off frequency of 30 Hz, and 

stored at a sampling rate of 256 Hz for analysis of seizures. 

The nuchal EMG signal was passed through a head-stage unit where it was amplified 

(4000×) and low-pass filtered with a sixth order Butterworth filter, with the -3 dB point 

set to a cut-off frequency of 2 kilohertz (kHz). Signals were then band-pass filtered 

between 100 Hz and 1 kHz. For ease of signal interpretation the nuchal EMG signals were 
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also integrated using a time constant of 0.1 s. The EMG electrode data were then digitised 

at 512 Hz, and stored to disk as 1 min averages for the analysis of average EMG changes 

over time. 

Cortical impedance was measured with a 4-electrode technique. A sinusoidal current with 

a frequency of 200 Hz and amplitude of 0.2 µA was injected through the two outer 

electrodes. The voltage drop across the two inner electrodes was amplified and fed to a 

phase sensitive detector. The output of the phase sensitive detector is a DC voltage 

proportional to the cortical impedance. 

The raw ECG signal was analogue filtered with a first order high-pass filter set at 0.05 

Hz and an eight order low-pass Bessel filter set at 100 Hz to prevent waveform distortion. 

Data were then digitised at 512 Hz, and stored to disk as 1 min averages for the analysis 

of average ECG changes over time. 

2.5.2. Fetal blood pressures 

Fetal vascular and amniotic fluid pressures were measured continuously using 

physiological pressure transducers (Novatrans II MX860, Medex Inc., Hilliard, OH, 

USA). The signal from the pressure transducer was amplified 500×, and low-pass filtered 

with a Butterworth filter, with the -3 dB point set to a cut-off frequency of 20 Hz. The 

arterial pressures then corrected for maternal postural changes by subtraction of intra-

amniotic fluid pressure, data digitised at 512 Hz and stored to disk as 1 min averages for 

the analysis of average pressure changes over time. 

2.5.3. Blood flow  

Continuous CaBF and FBF were measured from transit-time Doppler flow transducers 

with a two-channel Transonic T-206 Flowmeter (Transonic Systems Inc.). Data were 0.1 
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Hz low-pass filtered with a second order Butterworth filter. Signals were then digitised at 

512 Hz, and stored to disk as 1 min averages for the analysis of average flow changes 

over time. Carotid blood flow is an index of cerebral blood flow and correlates well with 

microsphere and laser Doppler measurements of cerebral blood flow under both 

physiological and pathophysiological conditions (van Bel et al., 1994; Gratton et al., 

1996; Gonzalez et al., 2005). The relationship between carotid and femoral blood flow 

provides a direct index of redistribution of combined ventricular output. 

2.5.4. Near-infrared spectroscopy 

Concentration changes in fetal cerebral deoxyhaemoglobin ([Hb]), oxyhaemoglobin 

([HbO2]) and [CytOx] were measured using a NIRO-500 spectrophotometer in our 

laboratory and a NIRO-200 in theatre (Figure 15) (Hamamatsu Photonics KK, 

Hamamatsu City, Japan) and data recorded by computer for off-line analysis. The 

principles of NIRS have been described previously (Reynolds et al., 1988). Briefly, near-

infrared light, at four different wavelengths between 775 and 908 nm, was carried to the 

fetal head through a fibre optic bundle. Emerging light was collected by the second optode 

and transmitted to the spectrophotometer. Changes in the cerebral [HbO2], [Hb] and 

[CytOx] were calculated from the modified Lambert-Beer law using a previously 

established algorithm which describes optical absorption in a highly scattering medium 

(Reynolds et al., 1988; Wyatt et al., 1990). The NIRS measures obtained are relative 

changes from zero not absolute changes. Standardisation of the distance between the 

optodes and fixation of the optodes to the surface of the skull by dental cement were used 

to reduce signal variability within and between subjects in this study. 

Two key parameters were calculated: total haemoglobin ([THb]): the sum of [HbO2] and 

[Hb], and [DHb]: the difference between [HbO2] and [Hb].  THb is related to cerebral 
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blood volume (CBV) by the cerebral haematocrit: CBV = [THb]/(HR) where H is the 

arterial haematocrit and R is the cerebral-to-large vessel haematocrit ratio, assumed to be 

0.69 (Wyatt et al., 1990). THb is as an index of CBV given a stable blood haemoglobin 

and haematocrit (van Bel et al., 1993). DHb is a measure of total intravascular 

oxygenation in the brain (Brun et al., 1997). Tissue oxygenation index (TOI) and 

normalised total haemoglobin index (nTHI) are both derived parameters produced by the 

NIRO-200 device used clinically. Further details are discussed in Chapter 9. 

 

Figure 15. NIRS acquisition in theatre. The NIRO-200 near-infrared device is on trolley 

on the left, next to the anaesthetic setup.  

2.5.5. Combination laser Doppler/pO2/thermocouple probes 

The laser Doppler component of the probe lead was connected to an OxyFlo 2000 unit 

and the pO2 and thermocouple components connected to an OxyLite 2000 unit (Oxford 

Optr7onix). Laser Doppler flow data were collected continuously and digitised at 96 Hz 
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while cortical temperature at 1 Hz, and the pO2 data were collected and digitised at 1/30 

Hz and 1/5 Hz during UCO. In addition to the raw signal saved these signals were also 

saved in the 1 min averaged file.  

2.6.  Experimental protocols 

2.6.1. Fetal Asphyxia 

In this study, the chronically instrumented near-term sheep fetus at 0.85 gestation was 

used for the asphyxia and blood pressure support experiments. The chronically 

instrumented preterm fetal sheep at 0.7 gestation was used for neuroprotection 

experiments as this produces a clinically relevant pattern of preterm hypoxic-ischemic 

injury, with severe injury to subcortical structures including the striatum and 

hippocampus, mild diffuse white matter injury and loss of oligodendrocytes, but sparing 

of the cortex, after three days recovery. Asphyxia was induced by complete occlusion of 

the umbilical cord. 

Systemic asphyxia was induced by rapidly inflating the occluder cuff around the 

umbilical cord with 5 ml of sterile saline. This volume was known to completely inflate 

the occluder and is associated with complete cessation of umbilical blood flow as 

previously described (Bennet et al., 1999). Withdrawal of this predefined volume then 

released the occlusion. Successful occlusion was confirmed by observation of a rapid fall 

in FHR and a sharp rise in MAP in all cases. Fetal condition during UCO was monitored 

by blood pressure and heart rate changes, and pH and blood gas measurements taken 

during the occlusion. UCO was maintained for 30 min in 0.6 and 25 min in 0.7 preterm 

fetuses, and around 15 min in near-term fetuses (described in greater detail in Chapter 3), 

after which the occluder was rapidly released. Due to the anaerobic capacity of the 

preterm fetus (Dawes & Mott, 1959; Dawes et al., 1959; Dawes et al., 1963; Gunn et al., 
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2001) this prolonged duration of UCO is necessary to cause brain injury; lesser durations 

do not cause injury at this gestational age (George et al., 2004). Preterm fetuses tolerate 

this insult duration well and recover without requiring (pharmacological) resuscitation 

following release of the occluder. In contrast, near-term fetuses have a much lower 

tolerance which is discussed in Chapter 3. Successful recovery was confirmed by 

observation of an immediate increase FHR and rapid rise in MAP. 

2.6.2. ACTH, cortisol, and melatonin analysis 

Fetal plasma ACTH and cortisol levels were measured using specific radioimmunoassays 

(RIA) established and validated for ovine plasma (Fraser et al., 1997). Total 

immunoreactive cortisol concentrations were determined in triplicate after extraction with 

diethyl ether by an in-house RIA validated for use with maternal and fetal ovine plasma. 

The antiserum to cortisol was raised in rabbits against Cortisol 3-CMO:bovine serum 

albumin and was used at a final dilution of 1:19200. The cross-reactivity of the antiserum 

at 50% binding with other relevant steroid-related compounds was 3.3% 11-

deoxycortisol, 0.18% cortisone, 0.5% corticosterone, 0.015% progesterone, and 0.002% 

11α-hydroxyprogesterone. No detectable cross-reactivity was observed for 17α-

hydroxypregnenolone, pregnanediol, 21-deoxycortisone, aldosterone, cholesterol, or 

dexamethasone. The lower limit of detection was 10 pg/tube (0.13 ng/mL); samples 

containing less than 0.13 ng/mL were given this value for the purposes of analysis. The 

intra- and inter-assay coefficients of variations were 3.68% and 3.97%, respectively, at 

the cortisol concentrations determined in plasma. Immunoreactive concentrations of 

ACTH were measured in duplicate using a commercially available 125I RIA kit (24130, 

DiaSorin, Stillwater, MN) previously validated for use with both fetal and maternal ovine 

plasma. The intra-assay and inter-assay coefficient of variation were 9.7% and 12.8%, 
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respectively. The mean sensitivity of the ACTH assay was 9.7 pg/mL; samples containing 

less than 9.7 pg/mL were given this value for analysis. Fetal plasma melatonin levels were 

measured using a generic radio-immunosorbent assay (Melatonin Research RIA, Labor 

Diagnostika Nord, Nordhorn, Germany).  

2.6.3. Nitrite assay 

For fetal plasma nitrite/nitrate levels 300 μl of plasma was deproteinised by addition of 

an equal volume of methanol followed by vortexing and centrifugation for 10 min at 

14,000 rcf. The supernatant was then injected into a purge vessel containing acidified 

triiodide solution to reduce nitrite to NO as previously described (Pelletier et al., 2006; 

Blood & Power, 2007). The triiodide was sparged with a stream of argon gas which 

carried the resulting NO gas into a chemiluminescence analyser (Sievers 280i NO 

Analyser, GE Analytical Instruments, Boulder, CO, USA). Nitrite concentrations were 

quantified by comparison with injections of known nitrite standards. The assay enables 

quantification of nitrite concentrations above 10 nM with a precision of +/-5 nM, and 

does not detect nitrate at concentrations below 1 mM.  

2.6.4. Electrolyte, full blood count, liver and thyroid function 

For analysis of electrolytes, liver enzymes and function, and thyroid function whole blood 

was collected in lithium-heparin microtainers (BD, Health Support Limited, Auckland, 

NZ) and sent on ice for automated analysis at LabPlus, Auckland City Hospital. For 

analysis of full blood count whole blood was collected in EDTA microtainers (BD, Health 

Support Limited) and sent on ice to Gribble’s Veterinary Laboratory (Auckland, New 

Zealand) for analysis.  
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2.6.5. Analysis of EEG epileptiform activity 

This is described in detail in the relevant chapters. 

2.7.  Post-mortem and Histological Procedures  

2.7.1. Post-mortem procedures 

Studies were terminated either 3 d or 7 d after asphyxia. Ewes and fetuses were killed by 

an overdose of sodium pentobarbitone (30 mL to the ewe given by slow push; 300 

mg/mL, Pentobarb 300, Chemstock International, Christchurch, NZ). This method is fully 

consistent with the Panel on Euthanasia of the American Veterinary Medical Association. 

2.7.2. Tissue processing 

For assessment of neural injury, fetal brains were gravity perfusion fixed in situ via the 

carotid arteries with 500 mL of 5 U/mL heparinised 0.9% saline solution followed by 500 

mL of 10% phosphate buffered formalin from a height of 2 m. Following removal from 

the skull, brain tissue was fixed in formalin for a further 3 d before processing and 

embedding using a standard paraffin tissue preparation (Gunn et al., 1997). Serial coronal 

brain sections (10 µm) were then cut at either the level of the mid-striatum or the parietal 

occipital cortex, and mounted on poly-L-lysine coated microscope slides (Sigma-Aldrich 

Pty. Ltd., Sydney, AU). 

2.7.1. Acid fuchsin-thionine 

For assessment of neuronal loss at 3 d recovery, brain sections were stained with thionine 

and acid fuchsin. Prior to staining, slides were deparaffinised in xylene (2 × 15 min), 

dehydrated in a series of ethanol (100%, 95%, 70% for 5 min each), and then washed in 

distilled water for 5 min and 0.1 mol/L phosphate buffered saline (PBS) for 2 × 5 min. 
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Sections were then stained with thionine acetate (Sigma-Aldrich Pty. Ltd.) for 8 min, 

dipped in PBS to wash, then acid fuchsin for 1 × 30 s, followed by a quick wash in distilled 

water (two dips). The sections were then dehydrated (dipped 2 x 95% alcohol, 2 x 100% 

alcohol, xylene 2 x 15 min) and mounted. 

2.7.2. Immunohistochemistry 

Slides were dewaxed in xylene (2 x 15 min) and rehydrated in increasing concentrations 

of ethanol. Slides were then washed three times in PBS (2 L of 10x PBS (0.1M): 160 g 

NaCl, 4 g KCl, 28.8 g Na2HPO4, 4.8 g KH2PO4, pH 7.4), each for 5 min. Antigen retrieval 

was performed using a citrate buffer pressure cooker method. Citrate buffer comprised of 

dH20 450 ml, citric acid 8 ml and sodium citrate 42 ml. Slides were added to the solution, 

placed in the pressure cooker (EMS Antigen 200 Retriever, Emgrid, Australia), allowed 

to reach ~120° C at high pressure, boiled for 2 min, then cooled to RT over 2 h. Sections 

were then washed in PBS 3 x 5 min. Endogenous peroxidase quenching was performed 

by incubation in 1% H202 in methanol (PBS for Olig-2) for 30 min. Blocking was 

performed in 3% normal horse serum (NeuN, Iba-1) or normal goat serum (Olig-2, 

CNPase, Ki-67) for 1 h at room temperature. Sections were labelled with 1:400 mouse 

anti-NeuN (Chemicon International, Temecula, CA, USA ), 1:400 rabbit anti-Olig-2 

(Chemicon), 1:200 mouse anti-CNPase (Abcam), 1:200 goat anti-ionised-calcium-

binding-adapter-molecule-1 (Iba-1, Abcam), or 1:200 mouse anti-Ki-67 (Dako, Aus) 

overnight at 4°C. Sections were then washed in PBS for 3 x 5 min before incubation in 

biotin-conjugated secondary 1:200 horse anti-mouse (NeuN, CNPase, Ki-67), horse anti-

goat (Iba-1), or goat anti-rabbit (Olig-2) IgG (Vector Laboratories, Burlingame, USA) in 

3% normal horse serum or normal goat serum respectively. Slides were then incubated in 

ExtrAvidin® (1:200, Sigma-Aldrich Pty. Ltd.) in PBS for 2 h at room temperature and 
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then reacted in diaminobenzidine tetrachloride (DAB) (Sigma-Aldrich Pty. Ltd.). The 

reaction was stopped by washing in PBS and the sections were then dehydrated and 

mounted. 

2.7.3. Olig-2, PDGFR-α and Ki-67 fluorescent immunostaining 

Following antigen retrieval sections were blocked in 3% normal goat serum for 1 h at 

room temperature. Sections were incubated with either 1:400 rabbit anti-Olig-2 or 1:50 

anti-platelet derived growth factor receptor alpha (PDGFR-, Sigma, a marker of 

oligodendrocyte progenitor cells (Baumann & Pham-Dinh, 2001)) and 1:200 mouse anti-

Ki-67 in 3% normal goat serum at 4° C overnight. Sections were washed in PBS and 

incubated with 1:200 biotinylated goat anti-mouse IgG (Vector Laboratories) for 3 h at 

room temperature. Sections were washed and incubated with 1:200 streptavidin Alexa 

488 and 1:200 donkey anti-rabbit Alexa 568. Sections were then washed and mounted 

(Vectashield, Vector Laboratories Inc., Burlingame, USA). 

2.8.  Imaging and quantification 

Slides were imaged at 40x magnification with a light microscope (Nikon eclipse 80i), or 

with Stereoinvestigator software (Version 8) and light microscopy (Nikon eclipse 80i) as 

outlined in the respective chapters.  
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Chapter 3. Status epilepticus is associated with greater 

neural injury after prolonged umbilical cord occlusion in 

near-term fetal sheep 

Paul P Drury*, Joanne O Davidson*, Laura Bennet*, Lindsea C Booth*,2, Lotte G van den 

Heuij*, Guido Wassink*, Alistair J Gunn*,2 

1Howard Florey Institute, University of Melbourne, Melbourne, Victoria, Australia   

2Starship Children’s Hospital, Auckland, New Zealand 

 

3.1.  Preface 

Therapeutic hypothermia is the only FDA approved neuroprotective treatment for 

perinatal HIE. The pre-clinical development was in a model of ischaemia induced neural 

injury in near-term fetal sheep and in piglets. While clearly successful as a translational 

model the insult is functional, it is not a physiological insult consistent with an acute 

sentinel event, for example cord prolapse or entanglement. To date the development of 

an asphyxial model of term HIE in near-term fetal sheep and piglets has been hindered 

by high mortality. This study is an attempt to reproduce the pattern of brain injury 

observed in term infants with moderate to severe HIE. It is an unaltered version of the 

manuscript submitted to PLos ONE. 
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3.2.  Abstract 

Background:  Our understanding of hypoxic-ischaemic encephalopathy in term neonates 

requires robust large animal models of brain injury. The majority of studies at term-

equivalent have typically used either relatively mild insults leading to selective neuronal 

loss or severe ischemic and hypoxia-hypotension paradigms that are pragmatically useful 

but are functional insults. It is important to contrast their results with the evolution of 

injury after severe ‘physiological’ insults, such as prolonged umbilical cord occlusion 

(UCO), and how the patterns of brain injury in such models compare with clinical 

outcomes. We tested the hypothesis that prolonged UCO was associated with severe sub-

cortical injury and mild-moderate cortical injury in near-term fetal sheep.  

Methods: 36 chronically instrumented fetal sheep at 125-129 d gestational age (term=147 

d) were subjected to either UCO until mean arterial pressure was <= 8 mmHg (n=29), or 

sham occlusion (n=7). Surviving fetuses were killed after 72 h for histopathology 

assessment with acid-fuchsin thionine staining. 

Results: 11 fetuses died due to intractable hypotension after UCO. 5 fetuses showed signs 

of labour and were euthanized. 13 fetuses survived to 3 d. 6 of the 13 remaining fetuses 

had periods of prolonged status epilepticus. There was severe neuronal loss in the 

hippocampus and moderate loss in the basal ganglia in all fetuses after UCO (p<0.05 

compared to sham occlusion). Status epilepticus was associated with greater hypotension 

in the last minute of UCO (p<0.05) and with greater neural injury (p<0.05).  

Conclusions: Profound UCO in near-term fetal sheep was associated with moderate-

severe sub-cortical injury and mild cortical injury in survivors. Status epilepticus was 

associated with much greater injury. This pattern is highly consistent with the pattern on 

injury on MRI following peripartum sentinel events in term human neonates. 
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3.1.  Introduction 

Moderate to severe HIE in term infants occurs in 1-4 per 1000 live births (Badawi et al., 

1998a; Cornette & Levene, 2009). Injury to the basal ganglia, thalamus, and white matter 

is the most common pattern of injury, and is highly associated with perinatal sentinel 

events (Barkovich et al., 1995; Bax et al., 2006; Okereafor et al., 2008; de Vries & 

Groenendaal, 2010). While cortical injury may be seen in those with severe HIE after 

sentinel events, isolated cortical injury is typically associated with a watershed 

distribution of injury following prolonged partial hypoxia (de Vries & Groenendaal, 

2010). Although the impact of discrete seizures on evolving brain injury remains unclear 

(Scher, 2003; Ferriero, 2004; Jobe, 2009; Thibeault-Eybalin et al., 2009), status 

epilepticus is associated with mismatch of energy demand and cerebral blood flow, which 

if sufficiently prolonged may cause new injury (Schmid et al., 1999; Men et al., 2000; 

Wirrell et al., 2001; Bengzon et al., 2002; Engelhorn et al., 2005; Nairismagi et al., 2006; 

Dreier, 2011).  

In term neonates, the majority of HIE is associated with acute injury around the time of 

birth (Cowan et al., 2003; Barkovich et al., 2006), and thus there is a window of 

opportunity for intervention (Gunn & Bennet, 2008b). Therapeutic hypothermia has 

significantly reduced the burden of HIE in term infants (Guillet et al., 2012). However, it 

is not completely protective, due in part to delays in initiation (Chapter 1.4). For further 

improvement hypothermia may be combined with available neuroprotective 

pharmacological agents that could be administered early after delivery or indeed during 

labour (Drury et al., 2013b). The pre-clinical development of such strategies requires 

robust large animal models that closely mimic clinical insults and patterns of brain injury 

(Gunn & Bennet, 2010a; Robertson et al., 2012).  
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Most of our knowledge of the timing and nature of the electrophysiological and neuronal 

death in neonatal HIE is from functional models of hypoxia-ischaemia (HI). These 

models of severe brain injury at term use a combination of hypoxia, hypotension 

(Robertson et al., 2013a), and/or carotid artery occlusion (Tan et al., 1992; Davidson et 

al., 2012b) to produce forebrain ischaemia in piglets or fetal sheep. While these insults 

reproduce severe patterns of brain injury observed in a subset of term infants they are 

functional paradigms. Further, the neonatal piglet model requires intensive care with 

constant general anaesthesia (Robertson et al., 2013a), and ethical guidelines in some 

settings require treatment of clinical seizures, or termination of the experiment if 

anticonvulsant therapy is unsuccessful (Bjorkman et al., 2010), potentially confounding 

the neurological outcome (Nakashima & Todd, 1996; McClaine et al., 2005; Hirata et al., 

2011; Brambrink et al., 2012).  

UCO is a physiological insult that directly reflects acute cord prolapse or entanglement. 

Ten minutes of UCO in near-term fetal sheep is associated with mild hippocampal injury 

and no injury in other regions (Hunter et al., 2003), partially consistent with mild clinical 

HIE. Repeated UCO in near-term fetal sheep is associated with profound acidosis, focal 

infarction in the parasagittal cortex, thalamus and cerebellum but only mild diffuse 

neuronal loss in non-infarcted tissue (de Haan et al., 1997). Partial UCO for 

approximately 60 minutes to achieve a pH of <6.9 was associated with variable 

histopathological outcomes; although some fetuses showed severe cortical and 

subcortical injury, many showed no injury (Ikeda et al., 1998).  

There is little information on the timing and pathophysiological evolution of injury 

following prolonged UCO in near-term fetal sheep, as this has previously been associated 

with frequent cardiovascular instability and high mortality (Drury et al., 2013a), likely 

related in part to cardiac injury (Gunn et al., 2000; Wibbens et al., 2005), thus previously 
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limiting its application without investing considerable resources to define the optimal 

insult to produce a clinically relevant pattern of injury.  

In the present study we tested the hypothesis that prolonged UCO in chronically 

instrumented un-anaesthetised near-term fetal sheep was associated with a clinically 

relevant pattern of injury; severe subcortical and moderate cortical injury. We tested the 

secondary hypothesis that status epilepticus would be associated with greater injury. At 

this age brain maturation is equivalent to a term human neonate (Barlow, 1969; Hagberg 

et al., 2002). 
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3.2.  Methods 

All procedures were approved by the Animal Ethics Committee of the University of 

Auckland following the New Zealand Animal Welfare Act, and the Code of Ethical 

Conduct for animals in research established by the Ministry of Primary Industries, 

Government of New Zealand. 36 singleton Romney/Suffolk fetal sheep were operated on 

at 121-125 d gestational age (0.85 ga, term = 147 days). Food, but not water was 

withdrawn 18 h before surgery. Ewes were given 5 ml of Streptocin (procaine penicillin 

(250,000 IU) and dihydrostreptomycin (250 mg/ml); Stockguard Labs Ltd, Hamilton, 

N.Z.) intramuscularly 30 min prior to the start of surgery. Maternal weight was recorded 

for calculation of drug dosing. Anesthesia was induced by i.v. injection of propofol (5 

mg/kg; AstraZeneca Limited, Auckland, New Zealand), and general anesthesia 

maintained using 2-3% isoflurane (Medsource, Ashburton, New Zealand) in O2. Under 

anaesthesia a 20-G i.v. catheter was placed in a maternal front leg vein and the ewes were 

placed on a constant infusion saline drip to maintain maternal fluid balance. Ewes were 

ventilated if necessary and the depth of anaesthesia, maternal heart rate and respiration 

were constantly monitored by trained anaesthetic staff.  

All surgical procedures were performed using sterile techniques (Bennet et al., 1999). 

Following a maternal midline abdominal incision and exteriorisation of the uterus and 

either the top or bottom half of the fetus, catheters were placed in the left fetal femoral 

artery and vein, right brachial artery and vein, and the amniotic sac. An ultrasonic blood 

flow probe (size 3S; Transonic Systems Inc., Ithaca, NY, USA) was placed around the 

left carotid artery to measure CaBF as an index of global cephalic blood flow (Dunnihoo 

& Quilligan, 1973; van Bel et al., 1994; Bennet et al., 1999; Hunter et al., 2003; Gonzalez 

et al., 2005), and another (size 2R) placed around the right femoral artery to measure 

FBF, as an index of peripheral perfusion. Two pairs of EEG electrodes (AS633-5SSF, 
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Cooner Wire Co., Chatsworth, CA, USA) were placed through burr holes on the dura 

over the parasagittal parietal cortex (10 mm and 20 mm anterior to bregma and 10 mm 

lateral) and secured with cyanoacrylate glue. To measure cortical impedance a third pair 

of electrodes was placed over the dura 5 mm lateral to the EEG electrodes. A reference 

electrode was sewn over the occiput. A thermocouple (Mallinckrodt Mon-a-therm 

incutemp, Tyco Healthcare, Auckland, New Zealand) was placed 30 mm anterior to 

bregma over the dura and secured with cyanoacrylate glue. A pair of electrodes were sewn 

over the fetal chest to measure the fetal ECG. An 18-20 mm diameter inflatable silicone 

occluder was placed around the umbilical cord of all fetuses (In Vivo Metric, Healdsburg, 

CA, USA). All fetal leads were exteriorised through the maternal flank and a maternal 

long saphenous vein was catheterised to provide access for post-operative care and 

euthanasia. 80 mg gentamicin (Rousell, Auckland, New Zealand) was administered into 

the amniotic sac prior to closure of the uterus.   

Post-operatively all sheep were housed in separate metabolic cages with access to water 

and food ad libitum, together in a temperature-controlled room (16±1°C, humidity 

50±10%) with a 12 h light/dark cycle. A period of 4 days post-operative recovery was 

allowed before experiments commenced, during which time antibiotics were 

administered to the ewe daily for four days i.v. (600 mg Benzylpenicillin Sodium; 

Novartis Ltd, Auckland, New Zealand, and 80 mg Gentamicin). Fetal catheters were 

maintained patent by continuous infusion of heparinised saline (20 U/ml at 0.2 ml/h) and 

the maternal catheter maintained by daily flushing. 

3.2.1. Experimental procedures 

Recordings  



  Chapter 3 – Term asphyxia 

 
110 

Fetal MAP, corrected for maternal movement by subtraction of amniotic fluid pressure 

(Novatrans II, MX860; Medex Inc., Hilliard, OH, USA) (Lawler & Brace, 1982), CaBF, 

FBF, ECG, EEG, extra-dural temperature, and impedance were recorded continuously. 

The blood pressure signal was collected at 64 Hz and low pass filtered at 30 Hz. Carotid 

vascular conductance (CVC) and femoral vascular conductance (FVC) were calculated 

as blood flow/(MAP-venous pressure). The EEG signal was high-pass filtered at 1.6 Hz 

and low-pass filtered at 50 Hz, then stored for offline analysis at a sampling rate of 256 

Hz. Cerebral impedance was calculated as previously described (Williams et al., 1991). 

The impedance of a tissue rises concomitantly as cells depolarize and fluid shifts from 

the extracellular to intracellular space, and thus impedance is a measure of cytotoxic 

edema. Data were collected by computer and stored to disk for off-line analysis. 

Experimental protocol 

Experiments were conducted at 125-129 d (0.85) gestation. Fetuses were randomly 

assigned to UCO (n=29) or sham occlusion (n=7). Fetal asphyxia was induced by rapid 

inflation of the umbilical cord occluder with sterile saline of a defined volume known to 

completely inflate the occluder and totally compress the umbilical cord, as determined in 

pilot experiments with a Transonic flow probe placed around an umbilical vein (Bennet 

et al., 1999). Successful occlusion was confirmed by observation of a rapid onset of 

bradycardia with a rise in MAP, and by pH and blood gas measurements. Occlusion was 

terminated at a target MAP of 8 mmHg. The duration/depth of occlusion was chosen to 

represent an acute, severe, near-terminal insult, as determined in previous studies 

(Wibbens et al., 2001; Hunter et al., 2003; Drury et al., 2012; Drury et al., 2013a). All 

occlusions were undertaken between 0900 and 1000 h. After release of the umbilical cord 

occluder fetuses were allowed to auto-resuscitate. If FHR was not above 100 bpm within 

1 min of occlusion release then 0.1-0.3 ml/kg of 1/10000 adrenaline (DBL, Hospira, 
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Auckland, New Zealand) was administered via the brachial vein, followed by 2 ml of 

sterile saline to clear the infusion line. This regime was repeated twice if no response was 

observed within 30 s, followed by dose escalations up to 1 ml/kg. If no response was 

observed by 10 min then the ewe was euthanized by an intravenous overdose of 

pentobarbitone sodium (9 g) to the ewe (Pentobarb 300; Chemstock International, 

Christchurch, New Zealand). Surviving fetuses were allowed to recover for 72 h before 

post-mortem.  

Fetal arterial blood was taken at 15 min prior to asphyxia, at 2 and 12 min during 

asphyxia, and at +30 min, +1 h, +2 h, +3 h, +4 h, +5 h, +6 h, +24 h, +48 h, and +72 h for 

pH and blood gas determination (Ciba-Corning Diagnostics 845 blood gas analyser and 

co-oximeter, MA., USA) and for glucose and lactate measurements (YSI model 2300, 

Yellow Springs, Ohio, USA). At the end of the experiment ewes and fetuses were killed 

as described above. 

3.2.2. Tissue preparation 

Fetal brains were gravity perfusion-fixed in situ with 0.9% saline solution (500 ml) then 

10% phosphate-buffered formalin (500 ml) from a height of 2 m, then removed and fixed 

for a further three days before processing and paraffin embedding (Bennet et al., 2007c). 

Coronal sections (10 µm) were taken for histological analysis. 

3.2.3. Histology 

For assessment of neuronal loss, brain sections were stained with acid fuchsin-thionine. 

Prior to staining slides were deparaffinized in xylene (2 x 15 min), rehydrated in a series 

of ethanol steps (100%, 95%, 70% for five minutes each), and then washed in PBS for 2 

min. Sections were then labeled with thionine acetate (Sigma-Aldrich Pty. Ltd.) for 8 min, 

dipped in distilled water to wash, then acid fuchsin for 35 s, followed by a quick wash in 
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distilled water. The sections were then dehydrated (dipped 2 x 95 % ethanol, 1 x 100 % 

ethanol, 2 min in 100% ethanol, xylene 2 x 15 min) and mounted.  

Brain regions of the forebrain used for analysis included the mid-striatum (comprising 

the caudate nucleus and putamen), the parasagittal cortex and lateral cortex, which were 

assessed on sections taken 26 mm anterior to stereotaxic zero, according to the 

stereological atlas of the fetal sheep (Gluckman & Parsons, 1983). The cornu ammonis 

(CA) of the dorsal horn of the anterior hippocampus (divided into CA1/2, CA3, CA4, and 

dentate gyrus (DG)) were assessed on sections taken 17 mm anterior to stereotaxic zero. 

Neuronal loss was scored on acid fuchsin-thionine stained sections by light microscopy 

at ×20 or x40 magnification on a Nikon 80i microscope with a motorized stage and Stereo 

investigator software V.8 (Microbrightfield Inc; Williston, VT, USA) using seven fields 

in the striatum (four in caudate nucleus, three in putamen), and one field in each of the 

hippocampal divisions, lateral cortex, parasagittal cortex, and medial nucleus of the 

thalamus. The proportion of neurons showing ischemic cell change as shown by nuclear 

condensation and acid fuchsin (pink) staining of the cytoplasm in each brain region was 

scored on a six-point scale as follows: 0 = no dead neurons; 5 = >0% to 10%; 30 = >10% 

to 50%; 70 = >50% to 90%; 95 = 90% to <100%; and 100 = 100% dead neurons (Gunn 

et al., 1997). For each animal, average scores from two sections across both hemispheres 

were calculated for each region. 

3.2.4. Data analysis  

Off-line analysis of the physiological data was performed using customised Labview 

programmes. Data were analysed using SPSS for windows (SPSS 20.0, Chicago, Il, 

USA). For between group comparisons analysis of variance (ANOVA) with time as a 

repeated measure was performed. When statistical significance was found one-way 
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ANOVA was used to compare selected time points. Non-parametric tests were used as 

appropriate. For presentation of neurophysiology and histopathology the UCO groups 

were further split into fetuses that had status epilepticus (UCO+SE) and those that did not 

(UCO-SE). Status epilepticus was identified on the 1 minute EEG record as either 

continuous seizure activity for >30 min, or a 3 h period with ≥50 % seizure activity (Scher 

et al., 1993b; Glass et al., 2011b) (Figure 18), of which there was a clear dichotomy 

between groups. Statistical significance was accepted when P < 0.05. Data are 

mean±SEM. 
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3.3.  Results 

3.3.1. Baseline and umbilical cord occlusion 

All fetuses had baseline blood gases, acid-base status and glucose-lactate values in the 

normal range by our laboratory standards. UCO was associated with marked fetal 

hypoxaemia and acidaemia (Table 2), bradycardia, hypotension, peripheral 

vasoconstriction, cerebral hypoperfusion, EEG suppression and a delayed rise in cortical 

impedance (Figure 16). Haemoglobin concentration was significantly increased at 12 min 

during UCO compared to the sham occlusion group (p<0.05). The mean duration of UCO 

to reach the target nadir was 15.9±0.4 min. Three fetuses died at the end of UCO from 

intractable hypotension, 8 fetuses died during the recovery phase, and 5 ewes showed 

signs of labour and were euthanized as per laboratory protocol, 2 of these 5 had status 

epilepticus. 13 fetuses survived until post-mortem.   

3.3.2. Recovery phase  

UCO was associated with acidaemia after UCO which resolved by +3 h (Table 2). 

However, lactate remained significantly elevated in the UCO group up to +24 h compared 

to sham occlusion (p<0.05), whereas glucose remained significantly elevated for 48 h 

(p<0.05). Haemoglobin and haematocrit were not significantly different between groups 

at any time point (p=NS).  

MAP was significantly higher in the UCO group at +1 h and then from +22-55 h in the 

occlusion group compared to the sham occlusion group (Figure 16, p<0.05). FHR was 

not significantly different between groups in the recovery period (p=ns). CaBF and CVC 

were significantly lower in the UCO group during the total recovery period (p<0.05). FBF 
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and FVC were significantly lower in the UCO group from +1-4 and then +21-72 h 

(p<0.05).  

EEG power remained suppressed in the UCO-SE group compared with sham UCO for all 

recovery (Figure 17, p<0.01). EEG power in the UCO+SE group was initially suppressed 

for +1-4 h (p<0.05 vs. sham UCO), increased above baseline during status epilepticus 

(+6-26 h p<0.05 vs. UCO-SE), and then progressively fell to below sham UCO (p<0.05 

from +32 h) and UCO-SE power (p<0.05 from 59 h). Spectral edge remained suppressed 

in the UCO-SE group until +22 h (p<0.05 vs. sham UCO), and until +39 h in the UCO+SE 

group (p<0.05 vs. sham UCO). Cortical impedance was significantly increased in the 

UCO-SE group at +1 h only (p<0.05 vs. sham UCO), but remained elevated until +29 h 

in the UCO-SE group (p<0.05 vs. UCO-SE and sham UCO). 
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Figure 16. Mean arterial blood pressure (MAP), fetal heart rate (FHR), carotid artery 

blood flow (CaBF), carotid artery vascular conductance (CVC), femoral artery blood 

flow (FBF), and femoral artery vascular conductance (FVC) during 24 h baseline and 

for 72 h recovery after UCO. Occlusion data omitted. *p<0.05 compared to sham 

occlusion. Data are mean±SEM. 
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Figure 17. EEG power, spectral edge, and cortical impedance, during 24 h baseline and 

for 72 h recovery after umbilical cord occlusion (UCO). UCO-SE: umbilical cord 

occlusion without status epilepticus; UCO+SE: umbilical cord occlusion with status 

epilepticus. Occlusion data omitted. *p<0.05 compared to sham occlusion. Data are 

mean±SEM. 
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Figure 18. Representative examples of EEG recovery. A: sham occlusion; B: UCO 

without status epilepticus in recovery; C: UCO with status epilepticus in recovery. Data 

are 1 minute mean. UCO at time = 0 h (dotted line). 
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Histopathology 

Figure 19 and Figure 20 show the histopathology results. There were no acid-fuchsin 

positive neurons in any of the hippocampal regions in the sham occlusion fetuses and less 

than 0.5 % in the parasagittal cortex, lateral cortex, caudate nucleus, putamen, and 

thalamus (Figure 19 and Figure 20). There was mild neuronal loss in the parasagittal 

cortex and lateral cortex in both UCO-SE and UCO+SE groups (p<0.05 compared to 

sham occlusion), but was greater in the UCO+SE group in the lateral cortex (p<0.05 

compared with UCO-SE). Similarly, there was mild-moderate neuronal loss in the 

caudate nucleus, basal ganglia, and the thalamus that was exacerbated in the status group 

(p<0.05 compared to sham occlusion, p<0.05 between UCO groups). There was severe 

neuronal loss in all hippocampal regions in both UCO groups (p<0.05 compared to sham 

occlusion, p=ns between UCO groups). 

 

Figure 19. Neuronal loss as estimated by acid-fuchsin thionine staining. UCO groups 

split according to the presence of status epilepticus (black bars) or no status epilepticus 

(grey bars). PSC: parasagittal cortex; LC: lateral cortex; CA: cornu ammonis of 

hippocampus; DG: dentate gyrus. *p<0.05 compared to sham occlusion. #p<0.05 

compared to UCO non-status epilepticus group. Data are mean±SEM. 
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Figure 20. Representative photomicrographs of acid-fuchsin thionine staining. White 

arrows show examples of healthy thionine stained neurones. Black arrows show 

examples of dead acid-fuchsin stained neurons. Grey arrows show examples of neurons 

with condensed nuclei, vacuolated cytoplasm, but not acid-fuchsin positive and thus not 

counted as dead-neurons. * show examples of blood vessels. PSC: parasagittal cortex; 

LC: lateral cortex; CA: cornu ammonis of hippocampus. x40 magnification. Scale bar 

= 200 µm. 



  Chapter 3 – Term asphyxia 

 
121 

3.4.  Discussion 

The present study demonstrates that in near-term fetal sheep prolonged UCO was 

associated with high mortality, and with profound subcortical and mild-moderate cortical 

neuronal loss in survivors. Nearly half of the surviving fetuses had status epilepticus 

which was associated with greater injury. 

There are limited previous studies reporting the effects of such a prolonged duration of 

asphyxia in near-term fetal sheep, likely due to the high mortality rate which required a 

relatively large number of animals be enrolled compared with established models of HIE 

(Kurth et al., 2009; Bjorkman et al., 2010; Barrett et al., 2012; Davidson et al., 2012b; 

Drury et al., 2013a; Mathai et al., 2013; Robertson et al., 2013a; Drury et al., 2014). In 

the present study UCO was associated with death immediately after occlusion or during 

recovery in one third of fetuses. Broadly consistent with the present study, the mortality 

from moderate and severe HIE was ~40% (Thornberg et al., 1995), and 31% of 

successfully resuscitated apparently stillborn neonates died in the neonatal period (Yeo 

& Tudehope, 1994). 5 of the surviving 22 fetuses went into labour in the present study; 

asphyxia and subsequent HPA activation are a well-established trigger for the onset of 

labour in sheep (Liggins, 1968; Lopez Bernal, 2003). 

In the recovery phase, UCO was associated with persisting hypertension, and reduced 

carotid and peripheral blood flow. This is consistent with our previous studies in preterm 

fetal sheep at 0.7 gestation after profound asphyxia (Bennet et al., 2006b; Drury et al., 

2014), although in fetal sheep at 0.6 gestation the reduction in carotid blood flow and 

vascular conductance recovers by 24 h (Bennet et al., 1999). This is thought to in-part 

reflect actively mediated sympathetic suppression of flow (Dean et al., 2006b), and 

metabolism (Hunter et al., 2003). We have previously shown sub-endocardial injury in 
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near-term fetal sheep following repeated UCO (Gunn et al., 2000). This likely underlies 

the development of hypotension following that insult and in the subset of hypotensive 

fetuses in present study. We have previously reported the failure of dopamine for 

treatment of secondary hypotension in this paradigm (Drury et al., 2013a). 

Confirming our primary hypothesis, prolonged occlusion was associated with near-total 

neuronal loss in the hippocampus, moderate to severe loss in the lentiform nuclei, and 

mild-moderate injury in the cortex and thalamus. This is highly consistent with the most 

common pattern of brain injury seen in term human neonates with HIE (de Vries & 

Groenendaal, 2010), and is associated with peripartum sentinel events such as cord 

prolapse and placental abruption. The other common pattern of injury is a watershed 

distribution of injury, which is most commonly seen following ‘prolonged partial’ HI, 

and experimentally, with 30 min carotid artery occlusion (Williams et al., 1992; de Vries 

& Groenendaal, 2010; Davidson et al., 2012b). Further, consistent with the present study, 

term neonates with acute near total asphyxia (i.e. sentinel events) were more likely to 

have a longer antenatal duration of bradycardia, lower 5 min Apgar, increased 

requirement for resuscitation and adrenaline, developed earlier seizures, and were less 

likely to be free of severe adverse outcome than neonates following prolonged partial 

asphyxia (Shah & Perlman, 2009). Although carotid artery occlusion with obliteration of 

vertebral-occipital anastomoses is well-established as a reproducible functional model of 

severe brain injury and has been used to develop therapeutic interventions (Gunn et al., 

1997; George et al., 2011; Davidson et al., 2012b; George et al., 2012), it produces 

selective forebrain ischaemia without systemic insult. While lactate is mildly raised there 

is no associated systemic acidosis that can persists into the latent phase (Davidson et al., 

2012b; Drury et al., 2013a) (and Table 2), and no multi-organ dysfunction (Quaedackers 

et al., 2004b; Bennet et al., 2006a) as is seen clinically (Shah et al., 2004).  
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Contrasting the patterns of injury associated with these insults may shed light on the 

mechanisms involved, and suggest that the nature of the cerebral insult likely differs. 

Carotid artery occlusion superior to the lingual arteries reduced cerebral blood flow by 

80%, and flow was lower in the cerebrum than deep brain structures (Berger et al., 1996). 

Thus, there is on-going perfusion during carotid artery occlusion; even at low flow this 

would still deliver blood with normal oxygen tension and glucose concentrations, which 

could support on-going maintenance of cell function. Further, redistribution of blood flow 

to subcortical structures (Jensen et al., 1987) would be maintained for the duration of 

carotid artery occlusion as the collateral flow continues (Berger et al., 1996), whereas this 

clearly cannot be maintained during prolonged UCO as hypotension develops (Drury et 

al., 2012). Therefore the watershed areas with the least collateral perfusion, such as the 

parasagittal cortex (Barkovich & Truwit, 1990), have the greatest injury following carotid 

artery occlusion, while there is less sub-cortical injury as the remaining residual flow with 

normal oxygen and glucose content is preferentially redirected to these structures. 

Consistent with this speculation, while 30 min carotid artery occlusion was associated 

with severe parasagittal cortical injury, there was only mild injury in the thalamus, DG, 

CA4, and striatum, and moderate injury in the lateral cortex and CA1-3, assessed with 

acid-fuchsin thionine at 3 d (Williams et al., 1992). This is further supported by the 

outcome of 10 min and 20 min carotid artery occlusion in the same study which showed 

minimal injury in all regions. In adult dogs ventricular fibrillation cardiac arrest was 

associated with less brain injury than the same duration of asphyxial cardiac arrest 

(Vaagenes et al., 1997). Moreover, the changes in cerebral cytox activity as measured by 

near-infrared spectroscopy are in opposite directions during UCO induced asphyxia vs. 

carotid artery occlusion induced ischaemia (Drury et al., 2012; Bainbridge et al., 2013).  
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Cortical impedance was significantly increased during recovery in the UCO+SE group, 

consistent with cell swelling. We have previously shown this secondary elevation 

following 30 min carotid artery occlusion in near-term fetal sheep; while significantly 

elevated compared to pre-occlusion from +7-28 h (Williams et al., 1991), the main 

increase associated with epileptiform activity does not occur until around +18 h 

(Davidson et al., 2013). This secondary elevation occurred from +4 h in the present study, 

consistent with earlier onset status epilepticus. Supporting this, a more ‘dense’ insult can 

be associated with shorter latent phase (Karlsson et al., 1994), perhaps reflecting the 

greater sub-cortical insult. However, the magnitude was almost twice following 

ischaemia than in the present study.  While there was similar prolonged EEG suppression, 

the spectral edge frequency recovered faster than following 30 min forebrain ischaemia 

(Davidson et al., 2012a). Together, these data are likely to reflect less cortical swelling 

and injury. Moreover, these data suggest that the majority of high frequency activity 

detected by our monitoring occurs in the cortex.  

We reported the neurophysiology and histopathology results to determine an association 

with status epilepticus. There was a clear distinction between these fetuses on their raw 

EEG trace (Figure 18). It is unclear whether seizures cause new injury or are a sign of 

evolving injury (Glass et al., 2011b). We have previously shown in near-term fetal sheep 

that seizures up to ~3.5 min were not associated with cortical deoxygenation, when 

seizures persisted longer than this deoxygenation occurred briefly before blood flow 

increased (Gonzalez et al., 2005), thus suggesting intact metabolism-flow coupling. 

However, it is likely that status epilepticus produces a profound metabolic burden that 

cannot be met by increasing blood flow, leading to new injury (Wirrell et al., 2001). 

Indeed, status epilepticus is still highly associated with brain injury even in neonates 

cooled for HIE (Glass et al., 2011b), and have worse clinical outcome (Pisani et al., 2007). 
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A limitation of the present study is that neuronal loss was assessed at +3 d; there is some 

on-going neuronal injury, particularly following status epilepticus which tends to produce 

apoptotic death (Wasterlain et al., 2002; Weise et al., 2005), potentially not yet acid-

fuchsin positive. Further, there were many neurons with condensed nuclei and absent 

cytoplasm but not acid-fuchsin positive that were not counted as per the inclusion criteria 

(grey arrows, Figure 19), potentially underestimating the cell loss, particularly in the 

cortex.  

In conclusion the present study demonstrates that in near-term fetal sheep prolonged UCO 

was associated with high mortality, a high incidence of status epilepticus in survivors, 

and with severe sub-cortical neuronal injury and mild-moderate cortical injury. Further 

optimisation of the depth of asphyxia and blood pressure support are required to minimise 

fetal loss while maintaining the pattern of injury. 
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  Baseline 2min 12min +30min +1h +2h +3h +4h +5h +6h +24h +48h +72h 

pH S 7.39±0.01 7.38±0.01 7.39±0.01 7.39±0.01 7.39±0.01 7.38±0.01 7.39±0.01 7.38±0.01 7.39±0.01 7.39±0.01 7.38±0.01 7.37±0.00 7.37±0.02 

 O 7.38±0.01 7.28±0.01§ 6.92±0.01§ 7.20±0.01§ 7.24±0.02§ 7.29±0.02* 7.33±0.02 7.33±0.03 7.34±0.03 7.34±0.03 7.40±0.01 7.40±0.01§ 7.39±0.01 
               

pCO2 S 53.2±1.6 47.0±1.7 52.8±1.7 48.2±1.8 53.1±1.6 48.6±2.6 52.7±1.7 47.4±1.8 48.2±1.0 52.9±1.8 52.2±1.5 53.0±2.4 53.4±1.1 

(mmHg) O 52.8±1.4 63.0±1.9§ 136.2±3.5§ 50.2±1.3 54.0±1.2 48.0±1.0 51.7±1.2 47.8±1.0 46.5±0.9 51.9±1.5 49.9±1.1 49.8±1.4 51.6±1.2 
               

pO2 S 23.1±0.9 23.4±1.3 23.6±1.0 23.4±1.5 22.9±0.8 23.7±1.3 23.0±1.3 22.7±1.2 24.0±1.5 22.1±1.4 23.8±1.1 22.2±0.8 21.6±0.7 

(mmHg) O 22.4±0.9 6.7±0.6§ 5.0±0.5§ 28.0±1.1* 25.3±1.2 24.1±1.3 22.2±1.2 22.1±1.1 21.9±1.2 21.1±1.3 21.5±1.1 25.6±1.1 26.2±1.1* 
               

Hb S 10.6±0.3 9.7±0.1 10.4±0.3 10.1±0.1 10.4±0.3 9.7±0.2 10.4±0.3 9.6±0.3 9.6±0.3 10.2±0.3 9.7±0.3 9.8±0.5 10.2±0.3 

(g.dL-1) O 10.4±0.4 10.7±0.3 11.6±0.3* 10.7±0.3 10.9±0.3 10.0±0.3 10.3±0.4 9.8±0.3 9.5±0.3 10.2±0.4 10.3±0.4 10.3±0.4 9.9±0.5 
               

Hct S 31.2±0.8 28.3±0.4 31.0±0.8 29.3±0.3 30.5±0.9 28.5±0.7 30.5±1.0 28.2±0.7 28.0±0.8 29.8±0.8 28.5±0.8 28.8±1.7 30.2±1.0 

 O 30.6±1.1 31.5±1.0 33.9±1.0 31.4±0.9 32.0±1.0 29.4±1.0 30.4±1.1 28.9±0.9 28.0±1.0 30.0±1.0 30.5±1.2 30.2±1.2 29.3±1.4 
               

O2ct S 4.4±0.3 4.0±0.2 4.4±0.2 4.1±0.3 4.2±0.2 4.1±0.2 4.3±0.3 3.8±0.2 4.0±0.2 4.2±0.3 4.1±0.2 3.8±0.2 3.9±0.3 

(mmol.L-1) O 4.1±0.2 0.5±0.0§ 0.5±0.0§ 4.2±0.2 4.1±0.2 3.6±0.2 3.7±0.3 3.5±0.2 3.3±0.3 3.5±0.3 3.7±0.2 4.4±0.2 4.3±0.2 
               

HCO3
- S 29.2±1.0 25.8±1.0 29.2±0.9 26.9±1.2 29.1±0.8 26.2±1.2 28.7±1.1 26.0±1.1 26.7±1.1 29.2±1.1 28.2±1.0 27.9±1.1 28.2±1.2 

(mmol.L-1) O 28.5±0.5 24.5±0.5 17.5±1.5§ 17.2±0.3§ 19.7±0.5§ 20.6±0.8§ 24.4±1.1* 23.5±1.4 23.2±1.5 25.4±1.6 28.5±1.0 28.9±0.6 28.7±0.4 
               

BE S 5.5±1.1 1.9±1.1 5.5±1.0 3.0±1.4 5.3±0.8 2.3±1.4 5.0±1.2 2.1±1.3 2.8±1.1 5.5±1.2 4.3±1.1 4.0±1.3 4.3±1.7 

(mmol.L-1) O 4.5±0.5 0.9±0.5 -8.4±0.4§ -8.8±0.4§ -5.6±0.6§ -4.2±1.0§ 0.0±1.4 -1.0±1.8 -1.3±1.8 1.2±1.8 4.8±1.1 5.0±0.5 5.0±0.3 
               

Lactate S 1.1±0.1 1.0±0.1 1.1±0.1 1.1±0.1 1.2±0.1 1.1±0.1 1.3±0.2 1.2±0.1 1.1±0.1 1.2±0.2 1.2±0.1 1.3±0.1 1.1±0.1 

(mmol.L-1) O 1.1±0.1 1.6±0.1§ 6.0±0.3§ 5.8±0.2§ 6.5±0.3§ 5.6±0.5§ 5.3±0.6§ 5.3±0.9* 4.6±0.8* 5.8±1.3* 3.2±0.8 1.3±0.1 1.1±0.1 
               

Glucose S 1.0±0.1 0.8±0.1 0.9±0.1 0.9±0.0 1.0±0.1 0.9±0.0 1.0±0.1 0.9±0.1 0.8±0.1 0.9±0.1 0.8±0.1 0.8±0.1 0.8±0.1 

(mmol.L-1) O 0.8±0.1 0.5±0.0§ 1.0±0.1 1.7±0.2* 1.6±0.1* 1.2±0.1* 1.3±0.1* 1.2±0.1* 1.2±0.1§ 1.5±0.1§ 1.5±0.1§ 1.4±0.1* 1.0±0.1 

Table 2. pH, blood gases, glucose and lactate values at baseline, during and after UCO. Hb: haemoglobin concentration; Hct: haematocrit; O2ct: oxygen concentration; HCO3
-: bicarbonate; BE: base excess.*p<0.05; §p<0.005 compared 

to sham occlusion group. Data are mean±SEM. 
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Chapter 4. Dopamine infusion for post-resuscitation 

blood pressure support after profound asphyxia in near-

term fetal sheep 

Paul P Drury, Lindsea C Booth, Laura Bennet, Joanne O Davidson, Bert Wibbens, 

Alistair Jan Gunn*  

 

4.1.  Preface 

Dopamine is commonly used for blood pressure support in the neonate, but there is 

limited empirical evidence that it prevents hypotension or improves survival after 

asphyxia. The fetal sheep presents an excellent setting to investigate the inotropic and 

vasopressor properties of putative agents after asphyxia. The fetal shunts ensure fluid 

balance is maintained, and ventilation is not an issue provided placental perfusion is 

maintained. The exception is transplacental clearance of the drug. However, delivery into 

the brachial vein ensures there no first pass metabolism or clearance. This is an unaltered 

version of the manuscript published in Exp Physiol. 2013 Mar;98(3):699-709. 

 

  

http://www-ncbi-nlm-nih-gov.ezproxy.auckland.ac.nz/pubmed/23104935


  Chapter 4 – Dopamine for hypotension 

128 

4.2.  Abstract 

Dopamine is commonly used for blood pressure support in the neonate, but has limited 

empirical evidence to support its use. We tested the hypothesis that after near-terminal 

asphyxia in utero, dopamine infusions would prevent secondary hypotension. Fetal sheep 

(122-129 days of gestation, term is 147 days) received umbilical cord occlusion for 15 

min or sham occlusion (n=5). If MAP fell below 90% of baseline within 6 h after 

occlusion fetuses were randomized to either dopamine infusion starting at 4 µg/kg/min 

and titrated according to MAP up to a maximum of 40 µg/kg/min (n=5) or to the same 

volume of normal saline (n=5). Dopamine infusion, initiated at a median of 180 min 

(range 96-280), was associated with a marked, but transient increase in MAP and fall in 

femoral blood flow compared to saline. Terminal hypotension developed later in the 4/5 

fetuses who received maximum dopamine infusions than in 5/5 receiving saline infusion 

(517 min (240-715) vs. 106 min (23-497) after the start of infusions, p<0.05). In 

conclusion dopamine infusion delayed but did not prevent terminal hypotension after 

severe asphyxia. 
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4.3.  Introduction 

Perinatal asphyxia occurs in 1-9 per 1000 live term births and is highly associated with 

neonatal death and neurodevelopmental delay (Scher et al., 1993a). The incidence of 

neurological morbidity and mortality in term neonates with a cord pH <7.0 is 23% 

(Graham et al., 2008). Many of these infants also have evidence of myocardial injury and 

dysfunction (Gunn et al., 2000; Shastri et al., 2012); for example over half of the term 

infants enrolled in the CoolCap trial developed hypotension in the first 24 h (Battin et al., 

2009). Post-resuscitation blood pressure support remains controversial, with little 

empirical evidence that inotropes or vasopressors improve mortality or long-term 

neurodevelopmental outcome (Hunt & Osborn, 2002).  

Dopamine, an inotropic and vasopressor agent, is commonly used for cardiovascular 

support. Early clinical studies suggested that low-dose dopamine (2.5 µg/kg/min) was 

associated with increased contractility and systolic blood pressure in severely asphyxiated 

neonates (DiSessa et al., 1981), with primarily vasopressor actions with higher doses 

(Seri & Evans, 2001). In newborn piglets exposed to acute hypoxia, followed by 

hyperoxia, infusion of dopamine (and other related inotropic agents including 

epinephrine, dobutamine and milrinone) can acutely increase arterial blood pressure and 

perfusion of key organs for several hours, primarily by increasing cardiac output, 

consistent with primarily inotropic effects (Barrington et al., 1995; Cheung & Barrington, 

2001; Obaid et al., 2008; Joynt et al., 2010a). It is unknown whether these benefits are 

persistent. In the present study, we tested the hypothesis that dopamine would be 

associated with improved blood pressure and survival following profound asphyxia in 

near-term fetal sheep that developed hypotension.  
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4.4.  Methods  

All procedures were approved by the Animal Ethics Committee of the University of 

Auckland. 39 singleton Romney/Suffolk fetal sheep were operated on at 118-125 days of 

gestation (term = 147 days)1. Food, but not water was withdrawn 18 h before surgery. 

Ewes were given 5 ml of streptocin (procaine penicillin 250 000 IU.ml-1 and 

dihydrostreptomycin (250 mg.ml-1); Stockguard Laboratories Ltd, Hamilton, New 

Zealand) intramuscularly for prophylaxis 30 min prior to the start of surgery. Anesthesia 

was induced by i.v. injection of Aflaxan (3 mg kg-1; Alphaxalone, Jurox, Rutherfors, 

NSW, Australia), and general anesthesia maintained using 2-3% halothane in O2. Under 

anesthesia a 20-g i.v. catheter was placed in a maternal front leg vein and the ewes were 

placed on a constant infusion saline drip to maintain maternal fluid balance. Ewes were 

not ventilated and the depth of anesthesia, maternal heart rate and respiration were 

constantly monitored by trained anesthetic staff.  

All surgical procedures were performed using sterile techniques (Bennet et al., 1999). 

Briefly, catheters were placed in the left fetal femoral artery and vein, right brachial artery 

and vein, and the amniotic sac. An ultrasonic blood flow probe (size 3S; Transonic 

Systems Inc., Ithaca, NY, USA) was placed around the left carotid artery to measure 

CaBF as an index of global cephalic blood flow (Dunnihoo & Quilligan, 1973; van Bel 

et al., 1994; Bennet et al., 1999; Hunter et al., 2003; Gonzalez et al., 2005), and another 

(size 2R) placed around the right femoral artery to measure FBF, as an index of peripheral 

perfusion. A pair of electrodes (AS633-5SSF, Cooner Wire Co., Chatsworth, CA, USA) 

were sewn over the fetal chest to measure the fetal electrocardiogram (ECG). An 

                                                 

1 Same experimental paradigm as Chapter 3 with additional fetuses. 
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inflatable silicone occluder was placed around the umbilical cord (In Vivo Metric, 

Healdsburg, CA, USA). Two pairs of electrodes (AS633-5SSF, Cooner Wire Co., 

Chatsworth, CA, USA) were placed biparietally through burr holes on the dura over the 

parasagittal parietal cortex (5 mm and 10 mm anterior to bregma and 5 mm lateral) and 

secured with cyanoacrylate glue, to record EEG activity. To measure cortical impedance 

a third pair of electrodes was placed over the dura 5 mm lateral to the EEG electrodes. A 

reference electrode was sewn over the occiput. All fetal leads were exteriorized through 

the maternal flank and a maternal long saphenous vein was catheterized to provide access 

for post-operative care and euthanasia. Antibiotics (80 mg Gentamicin, Rousell, 

Auckland, New Zealand) were administered into the amniotic sac prior to closure of the 

uterus.   

Post-operatively all sheep were housed in separate metabolic cages with access to water 

and food ad libitum, together in a temperature-controlled room (16±1C, humidity 

50±10%) with a 12 h light/dark cycle. 4 days post-operative recovery was allowed before 

experiments commenced, during which time antibiotics were administered to the ewe 

daily for four days i.v. (600 mg benzylpenicillin sodium; Novartis Ltd, Auckland, New 

Zealand, and 80 mg Gentamicin). Fetal catheters were maintained patent by continuous 

infusion of heparinized saline (20 U/ml at 0.2 ml.h-1); the maternal catheter was flushed 

daily. 

4.4.1. Experimental procedures 

Recordings  

Fetal arterial blood pressure, corrected for maternal movement by subtraction of amniotic 

fluid pressure (Novatrans II, MX860; Medex Inc., Hilliard, OH, USA) (Lawler & Brace, 

1982), blood flow, EEG, cortical impedance, and FHR derived from ECG were recorded 
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continuously. The blood pressure signal was collected at 64 Hz and low pass filtered at 

30 Hz. The EEG signal was high-pass filtered at 1.6 Hz and low-pass filtered at 50 Hz, 

then stored for offline analysis at a sampling rate of 256 Hz. The high-pass filter had a 

first-order roll-off of 6 dB per octave, thus attenuating but not removing frequencies 

below this. Total EEG power (dB) was calculated from the intensity spectra by fast 

Fourier transform of the EEG on sequential epochs, using a 10 second Hanning-window 

to minimize spectral leakage (Williams et al., 1992). Cerebral impedance was calculated 

as previously described (Williams et al., 1991). The impedance of a tissue rises 

concomitantly as cells depolarize and fluid shifts from the extracellular to intracellular 

space, and thus impedance is a measure of cytotoxic edema. Data were collected by 

computer and stored to disk for off-line analysis. 

Experimental protocol 

Experiments were conducted at 122-129 days gestation. Fetal MAP, CaBF, FBF and FHR 

were recorded continuously from the day before occlusion to 24 h after occlusion. Fetal 

asphyxia was induced by rapid inflation of the umbilical cord occluder for 15 min with 

sterile saline of a defined volume known to completely inflate the occluder and totally 

compress the umbilical cord, as determined in pilot experiments with a Transonic flow 

probe placed around an umbilical vein (Bennet et al., 1999). Successful occlusion was 

confirmed by observation of a rapid onset of bradycardia with a rise in MAP, and by pH 

and blood gas measurements. If fetal blood pressure fell below 10 mmHg before 15 min 

then the occlusion was ended immediately. This duration of occlusion was chosen as one 

that we have observed in our laboratory to represent an acute, severe, near-terminal insult 

(Wibbens et al., 2005; Wassink et al., 2007; Wibbens et al., 2007). All occlusions were 

undertaken between 0900 and 1000 h. After release of UCO fetuses were initially allowed 

to auto-resuscitate. If FHR did not increase to above 100 bpm within 1 min of occlusion 
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release then 0.1-0.3 ml/kg of 1/10000 adrenaline (DBL, Penrose, Auckland) was given 

by slow push via the brachial vein.  

34 fetuses received UCO and 5 sham occlusion (SA). 27/34 occlusion fetuses survived, 

of whom 10 developed hypotension, defined as a fall in MAP to below 90% of baseline 

for 10 min or more after recovery from cord occlusion. The remaining 17 fetuses survived 

without hypotension for at least 3 days. Hypotensive fetuses were randomized to receive 

either dopamine (asphyxia+dopamine group, AD, n=5) starting at an infusion of 4 

µg/kg/min or vehicle (an equivalent infusion volume of sterile saline, asphyxia+vehicle, 

AV, n=5). After the start of infusions, if MAP fell to <90% of baseline for 10 min or more 

infusion rates were increased up to a maximum of 40 µg/kg/min in steps (10, 20 and 40 

µg/kg/min). If a stable pressure above baseline had been achieved for at least 1 h the 

dopamine was weaned by titrating according to MAP. If the fetal MAP fell below 90% 

despite maximum infusion rates then i.v. adrenaline was given as above. If blood pressure 

fell below 10 mmHg for more than 15 min, with a fixed bradycardia <50 bpm, then the 

ewe and fetuses were killed by an intravenous overdose of pentobarbitone sodium (9 g) 

to the ewe (Pentobarb 300; Chemstock International, Christchurch, New Zealand). 

Fetal arterial blood was taken at 15 min prior to asphyxia, 2 and 12 min during asphyxia 

and 30 min, 1, 2, 3, 4, 5, 6 and 24 h post-asphyxia for pH and blood gas determination 

(Ciba-Corning Diagnostics 845 blood gas analyzer and co-oximeter, MA., USA) and for 

glucose and lactate measurements (YSI model 2300, Yellow Springs, Ohio, USA). After 

the last blood sample ewes and fetuses were killed as above.  

4.4.2. Data analysis  

Off-line analysis of the physiological data was performed using custom Labview 

programs. Data were analyzed using SPSS for windows (SPSS, Chicago, Il, USA) and 
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JMP 8.0.2 (SAS Institute, Cary, NC, USA). The baseline period was taken as the mean 

of the 12 h before occlusion. Carotid vascular conductance was calculated as 

CVC=CaBF/mmHg and femoral vascular conductance as FVC=FBF/mmHg. For 

between group comparisons two-way analysis of variance, with serial data treated as a 

repeated measure, was performed. When statistical significance was found between 

groups, or between group and time, analysis of variance (ANOVA) was used to compare 

selected time points, using the baseline control periods prior to occlusion as a covariate 

where necessary. The correlation coefficient between MAP and cortical impedance and 

MAP and CaBF after occlusion was tested after asphyxia using the Bland-Altman 

approach for repeated observations separately for MAP >90% and <90% of baseline 

(Bland & Altman, 1995). Non-parametric tests were used as appropriate. Statistical 

significance was accepted when p < 0.05. Data are mean±SEM for parametric data and 

median (range) for non-parametric data. 

  



  Chapter 4 – Dopamine for hypotension 

135 

4.5.  Results 

4.5.1. Baseline and umbilical cord occlusion 

All fetuses had baseline blood gases, acid-base status and glucose-lactate values in the 

normal range by our laboratory standards. UCO was associated with marked fetal hypoxia 

and acidosis (Table 3), bradycardia, hypotension, peripheral vasoconstriction, cerebral 

hypoperfusion, EEG suppression and a delayed rise in cortical impedance (Figure 21). 

There were no significant differences between the asphyxia-dopamine and asphyxia-

vehicle groups during and immediately after occlusion except for a slightly faster FHR 

recovery in the AD group. In both asphyxia groups 4/5 fetuses received adrenaline (0.1 

ml/kg 1/10000 adrenaline, NS difference in total volume between groups) for 

resuscitation within 5 min after release of occlusion. 
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Figure 21. Mean arterial blood pressure (MAP), fetal heart rate (FHR), femoral blood 

flow (FBF), femoral vascular conductance (FVC), carotid artery blood flow (CaBF), 

carotid artery vascular conductance (CVC), cortical impedance and EEG power during 

and early after umbilical cord occlusion. 0 min is the start of occlusion. SA: sham 

asphyxia; AD: asphyxia-dopamine, AV: asphyxia-vehicle. Data are mean±SEM. Lines 

represent p<0.05 after post-hoc Bonferroni pair wise comparisons. 
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4.5.2. Acute recovery phase and initiation of inotrope support 

Ten fetuses developed hypotension after UCO and were randomized. Figure 22 shows 

the progress of individual fetuses after initiation of dopamine or vehicle. Dopamine was 

initiated a median of 180 min (range 96-280) and saline 185 min (126-1290) after release 

of UCO (p=NS, Mann-Whitney U-test). All 5 fetuses assigned to saline infusion died in 

the first 6 h of recovery (106 min (23-497) after randomization). 4 of the 5 fetuses 

randomized to dopamine reached the maximal infusion rate and developed terminal 

hypotension (517 min (240-715) after occlusion, p<0.05 compared to vehicle infusion). 

One further fetus was stabilized on 5 µg/kg/min of dopamine but was weaned off the 

infusion and died 85 min later (545 min after occlusion).  
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Figure 22. Individual values after the start (0 min) of vehicle (left panels) or dopamine 

(right panels) infusions, until death. Data are one minute averages. Note that one fetus 

was missing femoral blood flow and one cortical impedance data. 
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4.5.3. Cardiovascular and acid-base status changes with inotrope 

support 

Initiation of dopamine at 4 µg/kg/min was associated with a mean 35% acute increase in 

MAP (5-min average pre- and post-infusion, Table 4, p<0.05) and a 17% fall in femoral 

vascular conductance (p<0.05). Both systolic and diastolic BP increased significantly 

(p<0.05). In contrast, there were no significant cardiovascular changes associated with 

subsequent increases in dopamine infusion rate up to 40 µg/kg/min. Vehicle infusion was 

associated with a fall in MAP, SBP, DBP and CaBF at 40 µg/kg/min sham dopamine 

only.  

Blood gases were taken at fixed time points after UCO; to assess the effect of starting 

dopamine infusion we compared the nearest pre- and post-infusion blood gases. 

Dopamine was associated with a fall in pH (from 7.12 (6.92-7.25) to 7.05 (6.87-7.25), 

p<0.05 Wilcoxon Signed Ranks Test) and a rise in lactate (8.0 (6.6-19) vs. 11.1 (6.9-23.4) 

mmol-1, p<0.05) in all fetuses. An essentially identical pattern was seen in the asphyxia-

vehicle group. Three fetuses died between initiation of the vehicle infusion and the next 

routine blood gas sample; in the remaining 2 fetuses, pH fell (from 7.11 (7.01-7.18) to 

7.01 (6.88-7.09)) and lactate increased (9.6 (7.9-12.7) to 10.1 (8.1-14) mmol.L-1). 

4.5.4. Correlation between MAP, cortical impedance and CaBF  

Figure 23 shows that there was a significant correlation for MAP and impedance and 

MAP and CaBF for the interval 0-90% of baseline MAP (r=0.71 and 0.78 respectively, 

p<0.0001 for both) but not MAP >90% (r=0.14 and 0.022, p>0.05) MAP. Because the 

relationships visually appeared to be less above ~60% MAP, the relationship was tested 

separately for the interval 60-90% MAP, and the relationship was maintained for both 

impedance and CaBF (r=0.65 and 0.51 respectively, p<0.0001). 
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Figure 23. Within subjects relationship between cortical impedance and MAP and 

between CaBF and MAP after 15 min of profound asphyxia in fetal sheep. 

 

4.6.  Discussion 

The present study demonstrates that in near-term fetal sheep that developed systemic 

hypotension after severe asphyxia induced by UCO, a conventional step-wise dopamine 

infusion delayed but did not prevent the onset of terminal hypotension. All fetuses 
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assigned to saline infusion died, confirming that in this setting a fall in blood pressure of 

more than 10% below baseline is a reasonable estimate for the threshold below which 

intractable hypotension developed. Of the five fetuses assigned to dopamine, four 

required doses >10 µg/kg/min and developed progressive acidosis and hypotension that 

was ultimately unresponsive even to very high dose infusions. This study is not powered 

to assess small effects on patient survival. However, the survival of one fetus until the 

dopamine infusion was weaned off raises the intriguing possibility that low-dose 

dopamine might have some benefit after milder post-asphyxial cardiac injury. 

Cardiac dysfunction and hypotension are common in infants with neonatal 

encephalopathy (Shastri et al., 2012), and are usually treated with dopamine and/or other 

inotropes despite limited empirical evidence (Seri & Evans, 2001). The present finding 

that 29% of fetal sheep exposed to severe asphyxia developed secondary hypotension is 

highly consistent with the report that ~30% of infants enrolled in the CoolCap trial were 

receiving inotropes at the time of randomization, and 13.5% of all enrolled infants died 

acutely despite maximal support including additional volume administration and multiple 

inotropic agents (Battin et al., 2009). Further, in one study of preterm infants with 

hypotension, dopamine infusion increased blood pressure in 5 infants at a dose of 5 

µg/kg/min and in a further 7 infants at 10 µg/kg/min (Miall-Allen & Whitelaw, 1989), 

however, those requiring higher dose infusion all developed terminal hypotension, similar 

to the present study. Although dopamine has been traditionally suggested to raise pressure 

through inotropic effects at low doses and through pressor effects at higher doses (Evans, 

2006), the evidence for this is mixed. In short-term studies in newborn piglets after 

hypoxia, dopamine typically had little effect on systemic vascular resistance (Barrington 

et al., 1995; Cheung & Barrington, 2001) but increased MAP modestly (Obaid et al., 
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2008; Joynt et al., 2010a) suggesting a primarily cardiac effect at doses of up to 20 

µg/kg/min.  

In contrast, in preterm infants <32 weeks gestation dopamine infusion at a median dose 

of 12.5 µg/kg/min was associated with a significant increase in MAP but a 14% fall in 

left-ventricular output (Roze et al., 1993), consistent with a primary increase in peripheral 

vascular resistance. Further, in a cohort of 50 hypotensive preterm infants, some infants 

had increased cardiac output during dopamine infusion, despite no change in systemic 

vascular resistance, whereas others showed a fall in cardiac output with increased 

mesenteric and total systemic vascular resistance, suggesting that dopamine may have a 

variable  profile (Zhang et al., 1999). In the present study the lowest infusion rate was 

associated with both modest but significant acute femoral vasoconstriction (~ 17% 

reduction in conductance) and a proportionately greater increase in MAP (35%) 

suggesting proportionate influence of vasoconstriction and increased cardiac 

contractility. However, hypotension developed despite continuing the low-dose infusion 

in 4/5 fetuses, and there was no effect on MAP of further increases in dopamine infusion 

in this setting. Although the progressive metabolic acidosis that occurred in both groups 

may have compromised cardiac contractility and contributed to fetal death, there is no 

evidence that base-deficit correction improves outcome in acidotic neonates (Beveridge 

& Wilkinson, 2006).  

The present study was conducted in chronically instrumented fetal sheep, rather than 

postnatal intensive care. Potentially this might alter cardiovascular responses. In 

particular, arterial PO2 increases after birth, and ventilation allows arterial PCO2 and pH 

to be manipulated to avoid respiratory acidosis. Since transient hypercapnia was seen 

after asphyxia in the present study this may have favoured vasodilation (Tuor & Farrar, 

1984), potentially reducing the peripheral effects of dopamine. Conversely, neonatal care 
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of infants with encephalopathy can lead to hyperoxia and hypocapnia, which may be 

associated with increased risk of adverse outcomes (Klinger et al., 2005). 

There is some evidence of receptor desensitization due to low adrenocortical function 

after acute perinatal asphyxia, with a reduction in the response to sympathomimetic 

pressors in neonates (Fernandez et al., 2005). It has been suggested that this may reflect 

a relatively inadequate adrenal steroid response, and there is some evidence that 

exogenous steroid infusions can increase systemic blood pressure (Seri et al., 2001). 

However, we have previously shown a profound elevation of cortisol following only 10 

min asphyxia in near-term fetal sheep that was sustained for at least 6 h after asphyxia 

(Jensen et al., 2010). Critically, in the present study there was no evidence that terminal 

hypotension was associated with loss of peripheral vascular tone. Indeed, as shown in 

Table 4, femoral vascular conductance remained either similar to or significantly less than 

baseline values, and similar to saline controls. Thus, it is improbable that hypotension or 

death were related to either adrenal insufficiency or receptor desensitization in the present 

study. 

As well as improving survival, the goal of inotrope infusion is to protect perfusion of vital 

organs. In the present study, dopamine infusion was not associated with any acute change 

in CaBF or carotid vascular conductance at any dose. However, we found a strong 

relationship between MAP and both cortical impedance and CaBF when MAP fell below 

90% of its baseline. Presumptively this relationship must reflect the lower limit of 

cerebral autoregulation, where below 90% of baseline MAP there was a parallel fall in 

CaBF and a progressive rise in cortical impedance (Papile et al., 1985). The impedance 

of a tissue rises concomitantly as cells depolarize and fluid shifts from the extracellular 

to intracellular space, and thus impedance is a measure of cytotoxic edema (Williams et 
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al., 1991).  Thus these data strongly support the general concept that it is essential to 

protect the brain from more than mild hypotension during recovery from asphyxia. 

Previous studies consistently suggest that any effect of dopamine on cerebral perfusion is 

mediated through its cardiac effects. In healthy near-term and preterm fetal sheep, 

blockade of the D1 dopamine receptor had no effect on the increase in cerebrovascular 

resistance secondary to dopamine induced hypertension, while alpha adrenergic blockade 

prevented the increase, suggesting that the cerebrovascular effects of dopamine infusion 

are indirectly mediated through changes in systemic blood pressure (Gleason et al., 2002). 

Consistent with this, in non-hypotensive preterm infants ~6 µg/kg/min dopamine 

increased renal flow but not mesenteric or cerebral blood flow (Seri et al., 1998), and in 

hypotensive preterm infants 5 µg/kg/min dopamine increased left-ventricular output and 

MAP but not cerebral blood flow (Lundstrom et al., 2000). In low-birth weight infants 

dopamine doses from 2.5-10 µg/kg/min were associated with increased cerebral 

oxygenation on near-infrared spectroscopy (Pellicer et al., 2005). Given that these 

neonates were hypotensive before dopamine administration it is likely that this reflected 

restoration of MAP to above the lower limit of autoregulation, rather than a change in 

cerebral vasodilation.  

In summary, this study demonstrates that following profound asphyxia sheep fetuses 

requiring high dose dopamine showed a similar but delayed pattern of deterioration to 

fetuses that received saline infusion alone. Intriguingly, the one fetus that required 

dopamine <10 µg/kg/min died after being weaned off the infusion 9 h after asphyxia 

raising the possibility that there may be a subgroup in whom lower-dose dopamine may 

be beneficial. 
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  Baseline 2min 12min +30min +1h +2h +3h +4h +5h +6h 

pH SA 7.39±0.01 7.38±0.01 7.39±0.01 7.39±0.01 7.39±0.01 7.38±0.01 7.39±0.02 7.38±0.01 7.38±0.01 7.39±0.01 

 AD 7.35±0.02 7.22±0.02* 6.92±0.02* 7.20±0.02* 7.21±0.06* 7.16±0.03* 7.02±0.08* 7.01±0.06* 7.03±0.12* 7.02±0.07* 

 AV 7.38±0.01 7.27±0.02* 6.92±0.02* 7.18±0.01* 7.15±0.05* 7.13±0.08* 7.01±0.06* 7.01±0.07* 7.02±0.06* 7.21±0.16* 

pCO2 SA 53.2±1.6 47.0±1.7 52.8±1.7 48.2±1.8 53.1±1.6 48.6±2.6 52.7±1.7 47.4±1.8 48.2±1.0 52.9±1.8 

(mmHg) AD 50.4±2.8 72.1±3.6* 126.6±5.2* 51.7±1.3 55.8±1.3 51.7±2.2 70.1±12.2 55.9±2.3* 54.6±4.2* 53.3±2.6 

 AV 47.3±3.3 64.9±2.4* 116.3±15.7* 45.2±2.9 49.1±6.4 52.3±2.8 62.9±0.9 59.1±0.8* 51.5 53.2±9.7 

pO2 SA 23.1±0.9 23.4±1.3 23.6±1.0 23.4±1.5 22.9±0.8 23.7±1.3 23.0±1.3 22.7±1.2 24.0±1.5 22.1±1.4 

(mmHg) AD 19.0±0.9 7.7±0.7* 8.3±1.0* 26.2±1.3 20.7±2.2 18.4±1.3 17.2±0.7* 19.8±2.3 16.9±0.1 19.5±2.4 

 AV 20.5±1.3 7.0±1.5* 8.5±1.6* 28.3±3.6 27.0±2.4 21.0±1.4 16.0±1.2* 17.4±0.9 16.4±0.3 17.5±0.7 

O2ct SA 4.2±0.1 3.8±0.2 4.2±0.1 3.9±0.3 4.0±0.1 3.9±0.1 4.1±0.2 3.6±0.1 3.8±0.1 4.0±0.3 

(m.mol-1) AD 2.7±0.1* 0.5±0.0* 0.5±0.0* 4.0±0.2 2.8±0.2 2.1±0.2# 1.4±0.2* 1.6±0.3* 1.4±0.3* 1.6±0.2* 

 AV 3.6±0.3* 0.5±0.0* 0.5±0.1* 4.3±0.6 4.0±0.8 3.0±0.3 1.9±0.0* 1.7±0.1* 1.6 2.4±0.8 

Lactate SA 1.2±0.2 1.1±0.1 1.2±0.1 1.2±0.1 1.3±0.2 1.2±0.1 1.3±0.2 1.2±0.1 1.2±0.2 1.3±0.2 

(m.mol-1) AD 1.2±0.2 2.4±0.2* 6.0±0.6* 6.1±0.4* 7.5±0.4* 8.8±0.6* 10.7±0.6* 14.4±1.4* 17.0±3.3* 16.5±2.2* 

 AV 1.1±0.1 1.8±0.3* 6.9±0.4* 6.8±0.8* 7.7±0.9* 8.9±1.6* 12.5±2.4* 10.6±1.8* 11.8±3.9* 10.5±6.7* 

Glucose SA 1.0±0.1 0.9±0.1 1.0±0.0 0.9±0.0 1.0±0.1 0.9±0.1 1.0±0.1 0.9±0.1 0.9±0.1 1.0±0.1 

 (m.mol-1) AD 0.7±0.1* 0.3±0.1* 1.1±0.1 1.9±0.1* 1.5±0.1* 1.2±0.2 1.2±0.2 1.0±0.1 1.0±0.2 1.1±0.1 

 AV 0.8±0.1 0.4±0.1* 1.4±0.4 1.7±0.2* 1.6±0.2* 1.3±0.1 1.2±0.0 1.1±0.0 0.9±0.2 1.2±0.2 

Table 3. Fetal pH, blood gases, lactate and glucose changes in sham asphyxia (SA), asphyxia-dopamine (AD) and asphyxia-vehicle (AV) fetal sheep before (baseline) and after 15 min of UCO. *p<0.05 vs. sham UCO. 

 

 

 

 

  



  Chapter 4 – Dopamine for hypotension 

146 

   Baseline 4µg/kg/min 10µg/kg/min 20µg/kg/min 40µg/kg/min 

   Before After Before After Before After Before After 

   n=5 n=4 n=4 n=4 

MAP (mmHg) AD 42.5±1.5 38.6±1.5 52.2±4.9* 31.6±3.9 32.5±1.9 33.1±3.8 34.4±4.1 31.0±3.7 28.2±5.6 

 AV 44.7±1.1 42.1±0.9 33.9±2.6 35.2±2.9 32.8±3.2 33.3±3.4 29.6±2.3 31.0±3.3 26.7±2.9* 

SBP (mmHg) AD 49.2±2.0 44.1±1.9 58.3±4.8* 36.2±4.3 36.6±3.0 37.5±5.6 38.9±5.9 36.0±4.9 33.7±6.9 

 AV 49.3±0.9 46.1±1.2 38.0±3.1 39.3±3.3 36.9±3.6 37.3±3.5 33.4±2.8 34.9±3.5 29.6±3.6* 

DBP (mmHg) AD 36.4±1.8 32.3±1.5 43.7±3.8* 26.5±2.8 26.4±1.6 27.2±3.0 28.7±3.2 25.2±3.4 22.4±5.1 

 AV 39.1±2.0 37.7±1.4 29.2±2.4 30.5±2.9 28.1±3.1 28.7±3.5 25.0±2.1 26.5±3.4 21.5±2.5* 

CVP (mmHg) AD 3.7±0.4 5.8±0.8 6.6±1.0 6.5±1.0 6.3±0.9 5.8±1.8 5.8±1.7 6.9±2.1 6.6±2.1 

 AV 3.6±0.6 5.1±1.0 5.3±0.7 5.4±0.7 5.9±0.7 6.3±0.6 6.7±0.5     7.0±0.6 6.5±0.6 

FHR (bpm) AD 172±6 204±15 198±12 209±11 210±12 188±14 188±14 189±18 182±16 

 AV 173±3 207±26 194±28 196±28 188±29 185±27 176±21 181±24 170±27 

CaBF (ml.min-1) AD 65.2±5.5 76.7±9.6 76.1±9.9 76.7±11.9 76.2±12.4 70.6±12.1 70.3±11.9 81.1±22.1 76.1±20.2 

 AV 62.0±6.6 76.4±13.7 65.2±9.6 68.5±10.1 62.4±7.4 68.1±12.0 58.8±7.5 62.5±11.0 48.3±11.9* 

CVC (ml.min-1.mmHg-1) AD 1.6±0.2 2.0±0.2 1.8±0.2 2.6±0.5 2.6±0.5 2.2±0.5 2.3±0.5 2.8±0.9 2.7±0.8 

 AV 1.4±0.2 1.8±0.3 2.0±0.4 2.0±0.4 2.0±0.3 2.0±0.3 2.0±0.3 2.0±0.2 1.9±0.3 

FBF (ml.min-1) AD 43.2±4.1 23.8±6.3 20.2±7.4 35.9±11.9 34.7±12.0 21.9±14.0 22.0±13.9 20.1±12.3 19.0±12.4 

 AV 34.4±8.8 22.9±2.5 22.2±3.1 23.4±1.8 19.3±5.9 19.6±6.0 17.5±7.0 16.8±6.6 18.6±8.4 

FVC (ml.min-1.mmHg-1) AD 1.0±0.1 0.6±0.2 0.5±0.2* 1.1±0.2 1.1±0.3 0.7±0.4 0.8±0.5 0.6±0.3 0.6±0.3 

 AV 0.8±0.2 0.6±0.1 0.7±0.1 0.7±0.1 0.6±0.1 0.5±0.1 0.6±0.2 0.5±0.2 0.7±0.3 

Table 4. Cardiovascular changes associated with vehicle (AV) or dopamine (AD) infusion after 15 min of profound asphyxia in fetal sheep. *p<0.05 vs. pre-dose value, paired T-test. 



Chapter 5 – Cytox ontogeny 

147 

Chapter 5. Maturation of the mitochondrial redox 

response to profound asphyxia in fetal sheep 

Paul P Drury*, Laura Bennet*, Lindsea C Booth*,1, Joanne O Davidson*, Guido Wassink*, 

Alistair J Gunn*,2 

1Howard Florey Institute, University of Melbourne, Melbourne, Victoria, Australia 

2Starship Children’s Hospital, Auckland, New Zealand 

 

5.1.  Preface 

This study describes a comparative investigation of the cerebral responses to umbilical 

cord occlusion between very preterm, preterm, and near-term fetal sheep. Although it has 

been demonstrated previously that more mature fetuses suppress their cerebral metabolic 

activity more rapidly than immature fetuses it is not clear whether this is associated with 

greater suppression of mitochondrial activity. No previous studies have utilized near-

infrared spectroscopy to show the maturational differences in the cerebrovascular and 

mitochondrial redox state changes during asphyxia in any species. Citation: PLoS 

One. 2012;7(6):e39273. 
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5.2.  Abstract 

Fetal susceptibility to hypoxic brain injury increases over the last third of gestation. This 

study examined the hypothesis that this is associated with impaired mitochondrial 

adaptation, as measured by more rapid oxidation of cytochrome oxidase (CytOx) during 

profound asphyxia. Methods: Chronically instrumented fetal sheep at 0.6, 0.7, and 0.85 

gestation were subjected to either 30 min (0.6 gestational age (ga), n=6), 25 min (0.7 ga, 

n=27) or 15 min (0.85 ga, n=17) of complete umbilical cord occlusion. Fetal EEG, 

cerebral impedance (to measure brain swelling) and near-infrared spectroscopy-derived 

intra-cerebral oxygenation (ΔHb = HbO2 – Hb), total haemoglobin (THb) and CytOx 

redox state were monitored continuously. Occlusion was associated with profound, rapid 

fall in ΔHb in all groups to a plateau from 6 min, greatest at 0.85 ga compared to 0.6 and 

0.7 ga (p < 0.05). THb initially increased at all ages, with the greatest rise at 0.85 ga (p < 

0.05), followed by a progressive fall from 7 min in all groups. CytOx initially increased 

in all groups with the greatest rise at 0.85 ga (p<0.05), followed by a further, delayed 

increase in preterm fetuses, but a striking fall in the 0.85 group after 6 min of occlusion. 

Cerebral impedance (a measure of cytotoxic oedema) increased earlier and more rapidly 

with greater gestation. In conclusion, the more rapid rise in CytOx and cortical impedance 

during profound asphyxia with greater maturation is consistent with increasing 

dependence on oxidative metabolism leading to earlier onset of neural energy failure 

before the onset of systemic hypotension. 
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5.3.  Introduction 

The mammalian fetus has a remarkable ability to adapt to and survive far more prolonged 

periods of asphyxia than adults. During fetal life, cardiovascular tolerance to severe 

asphyxia is typically maximal near-midgestation, corresponding with the time of maximal 

levels of cardiac glycogen (Dawes et al., 1959), and falls progressively towards term 

(Wassink et al., 2007). Neurological tolerance appears to broadly parallel cardiac 

survival. For example, near-term fetal sheep develop selective neural injury after 10 min 

of complete UCO (Mallard et al., 1992; Mallard et al., 1994), with much greater injury 

and reduced survival with longer insults of up to 15 min (Ley et al., 2004; Wibbens et al., 

2005). In contrast, 0.6 gestation fetal sheep develop little or no injury even after 20 min 

of occlusion (Mallard et al., 1994; Keunen et al., 1997) and severe, subcortical neural 

injury requires 30 min of complete occlusion (George et al., 2004). 

Potentially then, greater susceptibility to asphyxial neural injury with increasing gestation 

could be related to either a change in the intrinsic tolerance of the developing brain or to 

the more rapid onset of profound hypotension and hypoperfusion near-term (Wassink et 

al., 2007). In the fetal sheep basal cerebral blood flow and oxygen consumption per 100g 

weight increase towards term (Gleason et al., 1989; Jensen & Berger, 1991), consistent 

with greater basal neural aerobic dependence that would increase the vulnerability of the 

brain to asphyxia in late gestation. A similar increase in oxygen consumption and oxygen 

delivery with increasing gestation is seen in the guinea pig (Berger et al., 1991), and there 

is evidence that the preterm brain generates a greater proportion of ATP through non-

oxidative metabolism compared to at term (Duffy et al., 1975; Sylvia et al., 1989). 

Further, in human infants the ratio of phosphocreatine (PCr) to inorganic orthophosphate 
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increases between 28 and 42 weeks gestation, suggesting increasing basal metabolism 

(Azzopardi et al., 1989b). 

More important, effective adaptation to asphyxia must involve the maximum possible 

reduction in non-essential energy-utilizing processes, particularly synaptic transmission 

(Astrup, 1982; Hunter et al., 2003; Kaneko et al., 2003). This initial suppression in brain 

activity is actively mediated by increased levels of inhibitory neuromodulators including 

adenosine (Hunter et al., 2003; Ilie et al., 2006), which has been termed ‘adaptive 

hypometabolism (Mortola, 2004). There is limited information on how the ability to 

suppress brain metabolism changes with advancing gestation, however, the minimum 

energy requirements for essential cell survival seem to be lower earlier in gestation 

(Sylvia et al., 1989; Gunn et al., 2001), likely in part related to reduced dendritic 

complexity (Dieni & Rees, 2003).  If this hypothesis is correct, then we may predict that 

high energy metabolites would be depleted more rapidly during asphyxia closer to term.  

These changes can be indirectly monitored by using NIRS to continuously measure 

changes in the oxidized state of the CuA moiety of cytox (Jobsis, 1977). Cytox is linked 

to complex IV as the terminal electron acceptor in the electron transport chain. When 

cytox has electrons available to be donated it is reduced. Conversely, when all the 

electrons have been donated to oxygen to form water with H+, creating the 

transmembrane gradient that drives ATP production, cytox is oxidized (Moroz et al., 

2012). What determines its redox state then is the balance between electrons being passed 

down the electron chain and the rate at which they are donated to oxygen. Intracellular 

ATP levels are buffered by PCr (Moroz et al., 2012), but this pool is very rapidly depleted. 

Thus, a relative increase in oxidized cytox suggests either more rapid consumption of 

electrons to produce ATP (as seen in skeletal muscle during intense exercise (Boushel & 
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Piantadosi, 2000)), or reduced availability of reducing equivalents from the electron 

transport chain (Matsumoto et al., 1996; Springett et al., 2003).  

In the context of the very rapid, profound de-oxygenation during complete UCO, an 

increase in oxidized cytox must reflect a marked depletion of reducing equivalents 

transferred from the tricarboxylic acid cycle, rather than increased donation of electrons 

to oxygen. Consistent with this, we have previously shown that during asphyxia 

moderately preterm (0.7 gestation) fetal sheep show a rapid initial increase in oxidized 

cytox measured using NIRS (Bennet et al., 2007b). Strikingly, there was a substantial 

delay before cytox reached peak values, raising the possibility that adaptive 

hypometabolism may be more effective in preventing injury in the preterm brain than at 

term, however, this has not been directly assessed.  

In the present study we tested the hypothesis that profound asphyxia would be associated 

with a more rapid initial increase in oxidation of cytox with greater maturation, before 

the onset of systemic hypotension. Changes in mitochondrial redox state, cerebral 

oxygenation, EEG power, cortical impedance (a measure of cell swelling (Williams et 

al., 1991)) and carotid blood flow (as an index of global cephalic perfusion (Dunnihoo & 

Quilligan, 1973; van Bel et al., 1994; Bennet et al., 1999; Hunter et al., 2003; Gonzalez 

et al., 2005)) were measured during complete UCO at 0.6, 0.7, and 0.85 gestation. These 

ages are broadly equivalent to the neural maturation of the human fetus at 26–28-wk, 28–

32-wk, and 40-wk gestation, respectively (Barlow, 1969; McIntosh et al., 1979). In 

separate groups we also assessed changes in local cortical blood flow at 0.7, and 0.85 

gestation using laser Doppler (Hunter et al., 2003). 
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5.4.  Methods 

5.4.1. Surgical procedures 

All procedures were approved by the Animal Ethics Committee of the University of 

Auckland. 38 singleton Romney/Suffolk fetal sheep were operated on at 84-86 d (0.6 of 

gestation, n=6), 96-99 d (0.7 of gestation, n=22 with NIRS optodes plus n=5 with laser 

Doppler probes, as below) and 118-125 d (0.85 of gestation, n=9 with NIRS optodes plus 

n=8 with laser Doppler probes) gestational age (term = 147 days)2. Food, but not water 

was withdrawn 18 h before surgery. Ewes were given 5 ml of procaine penicillin (250 

000 IU) with dihydrostreptomycin (250 mg.ml-1, Stockguard Laboratories Ltd, Hamilton, 

New Zealand) intramuscularly for prophylaxis 30 min prior to the start of surgery. 

Anesthesia was induced by i.v. injection of Aflaxan (3 mg.kg-1; Alphaxalone, Jurox, 

Rutherford, NSW, Australia), and general anesthesia maintained using 2-3% isoflurane 

in O2. Under anesthesia a 20-g i.v. catheter was placed in a maternal front leg vein and 

the ewes were placed on a constant infusion saline drip to maintain maternal fluid balance. 

Ewes were ventilated if necessary and the depth of anesthesia, maternal heart rate and 

respiration were constantly monitored by trained anesthetic staff.  

All surgical procedures were performed using sterile techniques (Bennet et al., 1999). 

Following a maternal midline abdominal incision and exteriorization of the uterus and 

either the top or bottom half of the fetus, catheters were placed in the left fetal femoral 

artery and vein, right brachial artery and vein, and the amniotic sac. An ultrasonic blood 

flow probe (size 3S; Transonic Systems Inc., Ithaca, NY, USA) was placed around the 

left carotid artery to measure CaBF as an index of global cephalic blood flow. Two pairs 

                                                 

2 Discrepancy in numbers between groups due to inclusion of retrospective data in 0.7ga group. 
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of EEG electrodes (AS633-5SSF, Cooner Wire Co., Chatsworth, CA, USA) were placed 

through burr holes on the dura over the parasagittal parietal cortex (5 mm and 10 mm 

anterior to bregma and 5 mm lateral) and secured with cyanoacrylate glue. To measure 

cortical impedance a third pair of electrodes was placed over the dura 5 mm lateral to the 

EEG electrodes. A reference electrode was sewn over the occiput. A pair of electrodes 

were sewn over the fetal chest to measure the fetal ECG. An inflatable silicone occluder 

was placed around the umbilical cord of all fetuses (In Vivo Metric, Healdsburg, CA, 

USA). A flexible fiber optic probe (diameter ~ 400 μm) containing emitting and receiving 

laser Doppler channels was placed in the right parietal cortex approximately 5 mm lateral 

to the midline and 15 mm anterior to bregma, to a depth of 5 mm below the dura, in the 

grey matter of the cortex  of 0.7 and 0.85 gestation fetuses only (Oxford Optronix Inc., 

Oxford, UK) (Hunter et al., 2003). Two small flexible fiber optic probes, used for the 

near infrared spectroscopy recordings, were placed biparietally on the skull 3.0 to 3.5 cm 

apart, 1.5 cm anterior to bregma, and secured using rapid setting dental cement (Rocket 

Red, Dental Adventures of America, Inc., Anaheim, CA, USA) (Bennet et al., 2006b; 

Bennet et al., 2007b). NIRS and laser Doppler were recorded in separate groups of 

animals as light from the laser Doppler interferes with NIRS measurements. All fetal 

leads were exteriorized through the maternal flank and a maternal long saphenous vein 

was catheterized to provide access for post-operative care and euthanasia. Antibiotics 

(80mg Gentamicin, Rousell, Auckland, New Zealand) were administered into the 

amniotic sac prior to closure of the uterus.   

Post-operatively all sheep were housed in separate metabolic cages with access to water 

and food ad libitum, together in a temperature-controlled room (16±1C, humidity 

50±10%) with a 12 h light/dark cycle. A period of 5 days post-operative recovery was 

allowed before experiments commenced, during which time antibiotics were 
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administered to the ewe i.v. (4 days 600mg Benzylpenicillin Sodium; Novartis Ltd, 

Auckland, New Zealand, and 2 days 80mg Gentamicin). Fetal catheters were maintained 

patent by continuous infusion of heparinized saline (20 U/ml at 0.2ml/h) and the maternal 

catheter maintained by daily flushing. 

5.4.2. Experimental Recordings 

Fetal MAP, corrected for maternal movement by subtraction of amniotic fluid pressure 

(Novatrans II, MX860; Medex Inc., Hilliard, OH, USA) (Lawler & Brace, 1982), ECG, 

EEG, and impedance were recorded continuously. The blood pressure signal was 

collected at 64 Hz and low pass filtered at 30 Hz. The EEG signal was high-pass filtered 

at 1.6 Hz and low-pass filtered at 50 Hz, then stored for offline analysis at a sampling rate 

of 256 Hz. The high-pass filter had a first-order roll-off of 6 dB per octave, thus 

attenuating but not removing frequencies below this. Total EEG power (µV2) was 

calculated from the intensity spectra by fast Fourier transform of the EEG on sequential 

epochs, using a 10 second Hanning-window to minimize spectral leakage (Williams et 

al., 1992). Cerebral impedance was calculated as previously described (Williams et al., 

1991). The impedance of a tissue rises concomitantly as cells depolarize and fluid shifts 

from the extracellular to intracellular space, and thus impedance is a measure of cytotoxic 

edema. Data were collected by computer and stored to disk for off-line analysis. 

5.4.3. Experimental protocol 

Experiments were conducted at 88-90 d (0.6), 101-104 d (0.7), and 121-128 d (0.85) 

gestation. Fetal asphyxia was induced by rapid inflation of the umbilical cord occluder 

for 30 min in the 0.6 group, 25 min in the 0.7 group and 12-15 min in the 0.85 group with 

sterile saline of a defined volume known to completely inflate the occluder and totally 

compress the umbilical cord, as determined in pilot experiments with a Transonic flow 



Chapter 5 – Cytox ontogeny 

155 

probe placed around an umbilical vein (Bennet et al., 1999). Successful occlusion was 

confirmed by observation of a rapid onset of bradycardia with a rise in MAP, and by pH 

and blood gas measurements. If fetal blood pressure fell below 8 mmHg in the 0.6 and 

0.7 groups or below 12 mmHg in the 0.85 group then the occlusion was ended 

immediately. The duration of occlusions were chosen to represent acute, severe, near-

terminal insults, associated with severe neuronal loss. All occlusions were undertaken 

between 0900 and 1000 h. After release of the umbilical cord occluder fetuses were 

allowed to auto-resuscitate. If FHR was not above 100 bpm within 1 min of occlusion 

release then 0.1-0.3 ml/kg of 1/10000 adrenaline (DBL, Hospira, Auckland, New 

Zealand) was administered via the brachial vein. If no response was observed then the 

ewe was euthanized following fetal death.  

Fetal arterial blood was taken at 15 min prior to asphyxia (baseline) and at appropriate 

early and late time points during asphyxia: 5 and 25 min in the 0.6 group, 5 and 17 min 

in the 0.7 group, and 2 and 12 min in the 0.85 group during asphyxia for pH and blood 

gas determination (Ciba-Corning Diagnostics 845 blood gas analyzer and co-oximeter, 

MA., USA) and for glucose and lactate measurements (YSI model 2300, Yellow Springs, 

Ohio, USA). At the end of the experiment ewes and fetuses were killed by an intravenous 

overdose of pentobarbitone sodium (9 g) to the ewe (Pentobarb 300; Chemstock 

International, Christchurch, New Zealand).  

5.4.4. Near-infrared spectroscopy measurements  

Concentration changes in fetal cerebral deoxyhemoglobin ([Hb]), oxyhemoglobin 

([HbO2]) and oxidised cytochrome oxidase [CytOx] were measured using a NIRO-500 

spectrophotometer (Hamamatsu Photonics KK, Hamamatsu City, Japan) and data 

recorded by computer for off-line analysis. As described previously (Reynolds et al., 
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1988), near-infrared light, at four different wavelengths between 775 and 908 nm, was 

carried to the fetal head through a fiber optic bundle. Emerging light was collected by the 

second optode and transmitted to the spectrophotometer. Changes in the cerebral [HbO2], 

[Hb] and [CytOx] were calculated from the modified Lambert-Beer law using a 

previously established algorithm which describes optical absorption in a highly scattering 

medium (Wyatt et al., 1990). These NIRS measures are expressed as relative change from 

zero. Standardization of the distance between the optodes and fixation of the optodes to 

the surface of the skull by dental cement were used to reduce signal variability within and 

between subjects in this study. 

Two key parameters were calculated: total hemoglobin ([THb]): the sum of [HbO2] and 

[Hb], and [ΔHb]: the difference between [HbO2] and [Hb].  THb is related to CBV by the 

cerebral hematocrit: CBV = [THb]/(HR) where H is the arterial hematocrit and R is the 

cerebral-to-large vessel hematocrit ratio, assumed to be 0.69  (Wyatt et al., 1990). THb is 

a reliable index of the hemoglobin content of the brain, and thus of CBV, given stable 

blood hemoglobin and hematocrit (Barfield et al., 1999). ΔHb is a measure of total 

intravascular oxygenation in the brain (Brun et al., 1997). 

5.4.5. Data analysis  

Off-line analysis of the physiological data was performed using customized Labview 

programs. Data were analyzed using JMP 8.0 (SAS Institute, Cary, North Carolina, USA) 

and SPSS for windows (SPSS, Chicago, Il, USA). For between group comparisons 

analysis of variance for repeated measures was performed. When statistical significance 

was found one-way analysis of variance with post-hoc LSD tests was used to compare 

selected time points. Within subjects regression was performed to compare laser Doppler 
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cortical blood flow and CaBF using the Bland-Altman method (Bland & Altman, 1995). 

Statistical significance was accepted when p<0.05. Data are mean±SEM.  
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5.5.  Results 

UCO was associated with a progressive, profound hypoxemia, hypercapnia and acidosis; 

haemoconcentration developed at all ages (Table 5).  
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  Baseline 2/5min 12/17/25min 

pH 0.6 7.38±0.01† 7.06±0.01#‡ 6.77±0.02#‡ 

 0.7 7.36±0.00† 7.05±0.01#‡ 6.83±0.01#‡§ 

 0.85 7.39±0.01 7.24±0.02# 6.91±0.02# 
     

PaCO2 0.6 45.0±0.7 89.5±2.8#‡ 152.4±5.2#† 

(mmHg) 0.7 49.1±0.9§ 99.7±2.8#‡§ 146.6±3.3#† 

 0.85 51.7±1.0§ 68.1±2.8# 132.5±3.0# 
     

PaO2 0.6 24.2±0.6† 6.6±0.9# 8.1±0.9#† 

(mmHg) 0.7 22.7±0.8 5.9±0.5# 8.7±0.6#‡ 

 0.85 20.3±0.6 6.6±0.6# 5.4±0.7# 
     

Hb 0.6 8.2±0.2‡ 8.9±0.3#† 8.4±0.3‡ 

(g.dL-1) 0.7 8.6±0.2† 9.5±0.3# 9.2±0.2#‡ 

 0.85 9.9±0.4 10.5±0.6* 10.9±0.5# 
     

Hct 0.6 23.9±0.6‡ 26.0±0.8#† 24.7±0.9‡ 

 0.7 25.5±0.6† 28.2±0.8# 27.0±0.7#‡ 

 0.85 29.2±1.3 30.8±1.7* 32.1±1.4# 
     

O2ct 0.6 3.5±0.1 0.4±0.1#† 0.4±0.0# 

(mmol.L-1) 0.7 3.4±0.1 0.4±0.0# 0.5±0.0# 

 0.85 3.5±0.2 0.5±0.0# 0.4±0.0# 
     

HCO3
- 0.6 25.2±0.5‡ 18.1±0.4#‡ 12.2±0.4#‡ 

(mmol.L-1) 0.7 25.7±0.4‡ 18.6±0.5#‡ 15.9±0.9# 

 0.85 28.6±0.4 25.0±0.6# 19.4±1.7# 
     

BE 0.6 1.2±0.5‡ -6.2±0.6#‡ -14.1±0.5#‡ 

(mmol.L-1) 0.7 2.6±0.4‡ -5.5±0.7#‡ -11.4±0.5#‡§ 

 0.85 4.5±0.5 0.3±0.6# -8.9±0.5# 
     

Lactate 0.6 0.74±0.07 3.93±0.21#‡ 7.46±0.30#‡ 

(mmol.L-1) 0.7 0.99±0.21 3.98±0.15#‡ 6.97±0.20#† 

 0.85 1.16±0.11 2.09±0.17# 5.92±0.29# 
     

Glucose 0.6 1.11±0.09† 0.46±0.11# 0.49±0.13#† 

(mmol.L-1) 0.7 1.06±0.05 0.33±0.03# 0.65±0.08# 

 0.85 0.86±0.05 0.45±0.05# 0.94±0.09# 

Table 5. Blood gases, acid-base status, glucose and lactate were measured on fetal 

arterial blood taken at 15 min prior to asphyxia (baseline) and at an early and late time 

points during asphyxia: 5 and 25 min at 0.6 gestation, 5 and 17 min at 0.7 gestation, and 

2 and 12 min at 0.85 gestation during asphyxia, Hb: haemoglobin concentration; Hct: 

haematocrit; O2ct: oxygen concentration; BE: base excess. *p<0.05 and #p<0.001 vs. 

baseline. §p<0.05 vs. 0.6; †p<0.05 and ‡p<0.005 vs. 0.85. 
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5.5.1. Blood pressure, heart rate, carotid blood flow and cortical blood 

flow 

Occlusion was associated with an initial increase in MAP, followed by a rapid fall below 

baseline values and ultimately with profound hypotension at all ages. MAP was 

significantly higher in the 0.85 group at baseline (43.3±1.3 vs. 35.6±0.6 and 36.4±0.6 

mmHg in the 0.6 and 0.7 ga groups respectively, p<0.05) and for the first 6 minutes of 

occlusion compared to 0.6 and 0.7 ga fetuses (p<0.05). MAP was also significantly higher 

over the first 2-7 min in the 0.7 ga compared to the 0.6 ga group (p<0.05). The onset of 

hypotension occurred earlier with increasing gestation (Figure 24). MAP fell significantly 

below baseline at 8 min the 0.85 ga group, and 9 min in the 0.6 and 0.7 ga groups. FHR 

was significantly lower at baseline in the 0.85 ga group compared to the 0.6 and 0.7 ga 

groups (178±5 bpm vs. 191±3 bpm in both 0.6 and 0.7 ga groups, p<0.05). Occlusion was 

associated with rapid bradycardia followed by a similar gradual further fall in all groups. 

CaBF did not change significantly overall in the first 6 min after the onset of occlusion in 

any group, followed by a progressive fall after the onset of arterial hypotension. There 

were no differences in CaBF between the 0.6 and 0.7 ga groups. CaBF in 0.85 ga fetuses 

was significantly lower compared to 0.6 and 0.7 ga from 7-15 min (p<0.05). Cortical laser 

Doppler flow in 0.85 and 0.7 fetuses was highly correlated with CaBF (within subjects 

regression R2=0.62, p<0.0001), and overall showed a highly similar pattern. However, in 

contrast with CaBF, over the first 8 min there was a modest increase in laser Doppler flow 

(p<0.05, maximal at 4 min, with no independent effect of gestational age), which resolved 

to baseline values after 6 min. This was followed by a progressive fall after the onset of 

hypotension, which was more rapid at 0.85 than 0.7 ga. 
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Figure 24. Changes in mean arterial pressure (MAP), fetal heart rate (FHR), carotid 

artery blood flow (CaBF) and cortical laser Doppler flow (LDF) during occlusion. Data 

are minute mean±S.E.M. Δ: p<0.05 for 0.85 vs. 0.6 and 0.7 groups; *:p<0.05 for 0.6 vs. 

0.7 groups. 
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5.5.2. EEG and impedance  

EEG power was significantly higher at baseline in the 0.85 group compared to the 0.7 and 

0.6 ga groups (20.4±0.5 vs. 15.9±0.5 and 14.5±0.9 dB respectively, p<0.05, Figure 25). 

Occlusion was associated with rapid suppression of EEG activity in all groups, with the 

greatest fall in the 0.85 ga group (EEG power at 2 min of occlusion: 2.1±0.8 dB vs. 

5.4±1.0 dB in the 0.7 ga and 5.6±1.5 dB in the 0.6 ga groups, p<0.05). There were no 

significant differences between the 0.6 and 0.7 ga groups. Spectral edge was significantly 

lower at baseline in the 0.6 ga compared to the 0.7 ga and 0.85 ga groups (7.1±0.7 Hz vs. 

10.1±0.4 Hz and 10.4±0.4 Hz respectively, p<0.05). All groups showed a rapid 

suppression of spectral edge frequency with no difference between groups during 

occlusion. Cortical impedance showed a progressive increase in all groups from several 

min after the start of occlusion. The relative rise in cortical impedance increased with 

increasing gestational age; the 0.7 group was significantly greater than the 0.6 group from 

9 min (p<0.05) and the 0.85 group was significantly higher than the 0.6 and 0.7 group 

from 2-15 min (p<0.05). At 10 min of occlusion there was a clear maturation dependent 

difference in impedance (103±1%, 106±1%, and 129±3%, for 0.6, 0.7, and 0.85 ga 

respectively, p<0.05). The final maxima, at the end of occlusion, were similar between 

groups (132±4%, 135±4%, and 138±5%). 
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Figure 25. Changes in EEG power, spectral edge frequency, and cortical impedance 

during occlusion. Data are minute mean±S.E.M. Δ: p<0.05 for 0.85 vs. 0.6 and 0.7 

groups; *:p<0.05 for 0.6 vs. 0.7 groups. 
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5.5.3. Near-infrared spectroscopy 

Occlusion was associated with a rapid, profound fall in ΔHb. This fall was greater with 

increasing gestation (Figure 26), reaching a nadir of -34.0±4.2 µM in the 0.6 group, -

42.7±1.7 µM in the 0.7 group, and -47.6±2.4 µM in the 0.85 group (p<0.05). After the 

nadir there was an apparent increase in ΔHb over the remainder of occlusion in all groups, 

mediated by a proportionately greater fall in Hb than HbO2; HbO2 did not increase (data 

not shown). THb initially increased during the compensation phase with a greater rise 

with increasing gestation, reaching a maxima of 4.7±1.6 µM at 6 min in the 0.6 group, 

9.2±0.9 µM at 7 min in the 0.7 group, and 6.0±1.2 µM at 4 min in the 0.85 group (p<0.05, 

Figure 26). This was followed by a fall in THb in all groups; this fall began earlier in the 

0.85 group and was significantly lower than the preterm groups from 6-10 min (p<0.05). 

Subsequent THb fell in all three groups in parallel, with similar values from around 11 

min until the end of their respective occlusion (Figure 26).  

Occlusion was associated with an initial increase in oxidized CytOx in all groups (p<0.05, 

Figure 26). The increase was greater in the 0.85 group than the 0.6 and 0.7 groups from 

2-6 min (p<0.05). There was then a progressive rise over the remainder of occlusion in 

both 0.6 and 0.7 groups, which was initially greater in the 0.7 group (p<0.05, 5-13 min). 

In contrast, the 0.85 group showed a marked fall after approximately 7 min for the 

remainder of occlusion, and was significantly lower than both 0.6 and 0.7 groups from 13 

min (p<0.05). 
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Figure 26. Concentration changes in ΔHb (HbO2-Hb), THb (HbO2+Hb) and oxidized 

cytochrome oxidase (CytOx) during occlusion. Data are one minute mean±S.E.M. Δ: 

p<0.05 for 0.85 vs. 0.6 and 0.7 groups; o: p<0.05 for 0.6 vs. 0.7 and 0.85 groups; *:p<0.05 

for 0.6 vs. 0.7 groups; δ: p<0.05 for 0.7 vs. 0.85 groups. 
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5.6.  Discussion 

The present study shows that during profound asphyxia induced by complete UCO in 

fetal sheep, greater maturity was associated with a more rapid rise in oxidized CytOx and 

greater suppression of cortical EEG activity, followed by markedly more rapid rise in 

cerebral impedance, indicating more rapid onset of neural depolarization and cell 

swelling. These findings strongly support the hypothesis that term fetuses are much more 

dependent on aerobic metabolism during periods of severe hypoxia than earlier in 

gestation. Unexpectedly, after the initial dramatic increase in oxidized CytOx near-term 

fetuses then showed a progressive loss of oxidized CytOx to below baseline levels, in 

contrast with a slow continued rise in the preterm fetuses. The mechanisms of the late fall 

are unknown, but as reviewed below, this pattern is broadly consistent with reports of a 

marked fall in oxidized CytOx during hypoxia-ischemia in postnatal animals and during 

dense cerebral ischemia in the fetal sheep (du Plessis et al., 1995; Matsumoto et al., 1996; 

Yager et al., 1996; Springett et al., 2003; Gagnon et al., 2005). Thus, speculatively it may 

reflect either greater cortical injury in near-term fetuses, or maturational changes in the 

response of the mitochondria.  

UCO was associated with a rapid, profound fall in intracerebral oxygenation, as shown 

by a sustained fall in ΔHb on NIRS (Bennet et al., 2007b), with initial, rapid bradycardia 

and hypertension at all ages for approximately the first 7 min. This was followed by 

progressive hypotension, similarly to previous studies (Barcroft, 1946; Itskovitz & 

Rudolph, 1982; Bartelds et al., 1993; Wassink et al., 2007). The greater initial net fall in 

ΔHb in near-term fetuses supports the hypothesis of greater oxygen consumption with 

advancing gestation in fetal life. During this initial ‘compensation’ phase, before 

hypotension developed, oxidized CytOx rose rapidly, with the largest initial rise in near-
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term fetuses. The early increase was maintained throughout this compensation phase in 

the 0.85 and 0.7 gestation fetuses but, remarkably, returned to approximately baseline 

levels in the most immature, 0.6 gestation group. Consistent with the hypothesis that this 

increase indicated greater depletion of high energy metabolites (such as ATP and PCr), 

fetal cortical EEG power and frequency fell more in near-term fetuses. The fall in EEG 

power in particular was greater and faster in near-term fetuses, and reached a lower 

absolute nadir at 3 and 4 min of occlusion.  

Cortical impedance rose earlier and much more rapidly near-term than in either the 0.7 or 

0.65 gestation preterm fetuses. The impedance of a tissue rises concomitantly as cells 

depolarize and fluid shifts from the extracellular to the intracellular space causing cell 

swelling (Williams et al., 1991), and thus these data indicate earlier onset of neural 

depolarization and cell swelling with greater maturity. It is striking that impedance 

increased substantially more in the near-term fetuses before the onset of hypotension, 

indicating earlier onset of cortical depolarization. The initial rapid EEG suppression 

before the onset of cytotoxic edema is actively mediated by adenosine (Hunter et al., 

2003), and accumulation of other neuroinhibitors such as gamma amino butyric acid (Tan 

et al., 1996; Nilsson & Lutz, 2004), noradrenaline (Dean et al., 2008) and 

allopregnanalone (Yawno et al., 2007). Thus, for example, adenosine A1 receptor 

blockade during acute asphyxia in near-term fetal sheep, or ischemia in adult rats was 

associated with delayed onset of EEG suppression (Hunter et al., 2003; Ilie et al., 2006), 

followed by more rapid onset of cortical depolarization and greater neural injury. Thus, 

the present data suggest that near-term fetal sheep are able to suppress EEG activity more 

at the onset of anoxia/hypoxia than preterm fetuses, and yet are less able to delay the onset 

of neural depolarization. Since depolarization is an essential contributor to hypoxic-
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ischemic brain injury this strongly supports the concept that greater maturity is associated 

with loss of neural tolerance to severe hypoxia, independent of cardiac compromise. 

Despite the marked initial hypertension, which was greatest near-term, carotid blood flow 

remained relatively constant at all ages. This finding is in contrast with increased blood 

flow during moderate hypoxia or asphyxia (Giussani et al., 1993; Ball et al., 1994). In 

part, this likely reflects a net redistribution of blood flow within the brain during asphyxia 

to subcortical structures, as measured by microspheres in the fetal sheep (Jensen et al., 

1987; Kaneko et al., 2003), piglet (Goplerud et al., 1989) and newborn lamb (Lou et al., 

1985). Alternatively, carotid blood flow includes a significant proportion of extracerebral 

tissues (Dunnihoo & Quilligan, 1973) and thus a larger fraction of carotid flow perfusing 

non-brain tissues such as the face and scalp might be diverted to the brain during severe 

hypoxia than was evident from carotid blood flow measurements. Previous microsphere 

data suggest that severe asphyxia in utero is associated with either a small overall increase 

(Kaneko et al., 2003), or no change in cerebral blood flow (Jensen et al., 1987). 

Supporting a small net increase in perfusion, in the present study there was a modest, 

transient increase in both cortical blood flow (laser Doppler) and THb, that was greatest 

in near-term fetuses. Although THb is not a direct measure of cerebral perfusion, the 

increase broadly paralleled the changes in cortical blood flow and is in agreement with 

the previous finding that cerebral blood flow increases much more during induced 

hypoxia in near-term than preterm fetuses (Gleason et al., 1990).  

Progressive hypotension developed from approximately 9 minutes of occlusion. The 

onset of hypotension corresponded closely with the onset of both global and local 

(cortical) hypoperfusion at all ages. This is highly consistent with the lower limit of 

cerebral autoregulation being just below baseline blood pressure (Papile et al., 1985), and 

with evidence of impaired autoregulation during partial asphyxia in the near-term fetal 
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sheep (Johnson et al., 1979) and inhalational hypoxia in the lamb (Tweed et al., 1986). 

In both preterm groups in the present study, the onset of hypotension was associated with 

a further, delayed rise in oxidized CytOx, followed by linear increases in cortical 

impedance. Similarly, in newborn (postnatal day 7, P7) rats, when brain development is 

relatively preterm (Romijn et al., 1991), hypoxia-ischemia was associated with an initial 

reduction of CytOx, followed by delayed oxidation to above baseline levels once ATP 

levels fell to their nadir (Yager et al., 1996). The rises were earlier and more rapid at 0.7 

than 0.6 gestation in the present study, despite similar relative falls in blood pressure and 

carotid blood flow, strongly denoting reduced neural tolerance to anoxia with greater 

maturity. Supporting this interpretation, the two groups reached essentially identical 

maxima for oxidized CytOx, suggesting that this late increase in oxidized CytOx reflects 

progressive loss of production of reducing equivalents due to loss of residual anaerobic 

metabolism. Potentially, active inhibition of mitochondrial function might also contribute 

to part of the rise, since NO, for example, is known to inhibit respiratory complexes I and 

IV (Brown, 1997), and there is evidence that the NO synthases are more abundant in the 

immature brain in both sheep and in post-mortem human tissue (Downen et al., 1999; 

Wood et al., 2005).  

In contrast, after the onset of hypotension the 0.85 gestation fetuses showed a profound 

and unexpected fall in oxidized CytOx. This is broadly consistent with the majority of 

postnatal studies of hypoxia-ischemia, including adults rats (Matsumoto et al., 1996; 

Springett et al., 2003), deep-hypothermic circulatory arrest in the newborn (Springett et 

al., 2003) and adult pig (Gagnon et al., 2005), and human infants (du Plessis et al., 1995), 

hypotension induced by blood withdrawal during hypoxia in lambs and severe cerebral 

ischemia in the near-term fetus (Marks et al., 1996b; Shadid et al., 1999). In contrast, in 

near-term and newborn lambs moderate hypoxia was associated with an increase in 
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oxidized CytOx (Shadid et al., 1999; Newman et al., 2000). It is intriguing to note that in 

previous studies showing an increase in oxidized CytOx cortical injury was not seen 

(Shadid et al., 1999; Newman et al., 2000; Hunter et al., 2003; Bennet et al., 2007b). 

Conversely, in fetal sheep cerebral ischemia leading to severe cortical injury was 

associated with a terminal fall in oxidized CytOx, although the precise time course is 

unknown (Reddy et al., 1998; Fraser et al., 2005).  

Despite the apparent fall in measured oxidized CytOx in near-term fetuses, it seems rather 

improbable that there can been a true shift to more reduced CytOx during profound 

anoxia, with highly limited substrate delivery due to hypotension and hypoglycemia. A 

more plausible hypothesis is that it reflects a combination of two factors, the increase in 

brain size with age, and increasing cortical susceptibility to injury. First, in the late 

gestation fetal sheep brain weight doubles approximately every fortnight. The exact area 

interrogated by near-infrared light is not clear, but it is likely that as the overall size of 

the brain increases, the cortex would contribute an increasing fraction. Second, a fall in 

the CytOx signal must reflect a loss of oxidized cytochrome c oxidase; if it is not related 

to enzymatic reduction, then there could be exposure to the reducing environment of the 

cytosol either through opening of the mitochondrial permeability transition pore (Andrabi 

et al., 2004), or frank structural damage of the mitochondria. There is evidence for a 

maturation dependent change in the influence of the mitochondrial permeability transition 

pore on injury, with apparently little role in immature mice compared to older mice (Wang 

et al., 2009a).  Further, in vitro, prolonged oxygen-glucose deprivation in rat cortical 

slices also led to a fall in oxidized CytOx (Nishidate et al., 2010), and in blood-free 

perfused rat brain, cellular ATP only started to fall when CytOx became less oxidized 

(Matsunaga et al., 1998). Thus these data suggest that a fall in oxidized CytOx represents 

a transition to mitochondrial injury, and may be a useful intra-insult biomarker of injury. 
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Potentially, the fall in Hb in the brain during occlusion could have influenced the changes 

in CytOx because of the much greater spectral absorption of Hb compared to CytOx 

(Wray et al., 1988). However, this speculation is not consistent with our observation that 

oxidized CytOx changes were unrelated to the very large changes in hemoglobin signals. 

In the first 5 min after occlusion THb increased above baseline similarly in all groups 

despite markedly larger increase in oxidized CytOx in the near-term fetuses. Although 

subsequently hypotension developed more rapidly in the near-term fetuses, THb fell at a 

similar rate at all ages after the onset of hypotension, and the magnitude of the final fall 

in THb was greatest in the preterm fetuses. Since this parameter is an accurate index of 

total cerebral blood volume determined by radiolabeling in the piglet (Barfield et al., 

1999), this strongly infers that oxidized CytOx changed independently of cerebral blood 

volume.  

In conclusion, the present study demonstrates a maturation dependent change in the 

mitochondrial response to profound asphyxia in fetal sheep, consistent with an intrinsic 

loss of neural tolerance to severe hypoxia-ischemia. Near-term fetuses showed markedly 

more rapid increase in oxidation of CytOx, followed by more rapid onset of cytotoxic 

edema, well before the onset of systemic hypotension or hypoperfusion. During the 

subsequent progressive cardiovascular decompensation, near-term fetuses showed a more 

rapid fall blood pressure and carotid and cortical blood flow than preterm fetuses, with 

accelerated cytotoxic edema, but a paradoxical loss of oxidized cytox. This pattern 

strongly supports the hypothesis of increasing dependence on aerobic metabolism 

towards term, independent of the loss of cardiac tolerance to anoxia.  
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6.1.  Preface 

The search for neuroprotective agents for perinatal HIE is ongoing, particularly for 

preterm HIE, where hypothermia is not yet considered safe and is not part of clinical 

practice. Melatonin is an FDA approved drug. As such it has a well validated safety 

profile. There is growing interest in its neuroprotective properties. However, there is also 

concern that the ethanol diluent commonly used may also influence the evolution of brain 

injury. This is an unaltered version of the manuscript published in J Cereb Blood Flow 

Metab. 2013 Oct 9. doi: 10.1038/jcbfm.2013.174. 

  

http://www-ncbi-nlm-nih-gov.ezproxy.auckland.ac.nz/pubmed/24103904
http://www-ncbi-nlm-nih-gov.ezproxy.auckland.ac.nz/pubmed/24103904


Chapter 6 – Neuroprotection with melatonin 

173 

6.2.  Abstract 

Melatonin is a naturally occurring indoleamine with mild anti-oxidant properties that is 

neuroprotective in perinatal animals. There is limited information on its effects on 

preterm brain injury. In this study, 23 chronically instrumented fetal sheep received 25 

min of complete umbilical cord occlusion at 101-104 d gestation (term is 147 d). 

Melatonin was administered to the ewe 15 min before occlusion (0.1mg/kg bolus 

followed by 0.1 mg/kg/h for 6 h, n=8), or the equivalent volume of vehicle (2% ethanol, 

n=7), or saline (n=8), or maternal saline plus sham occlusion (n=8). Sheep were killed 

after 7 d recovery in-utero. Fetal blood pressure, heart rate, nuchal activity and 

temperature were similar between groups. Vehicle infusion was associated with improved 

neuronal survival in the caudate nucleus, but greater neuronal loss in regions of the 

hippocampus, with reduced proliferation and increased amoeboid microglia in white 

matter (p<0.05). Maternal melatonin infusion was associated with faster recovery of fetal 

EEG, prolonged reduction in carotid blood flow, similar neuronal survival to vehicle, 

improved numbers of mature oligodendrocytes and reduced microglial activation in white 

matter (p<0.05). Prophylactic maternal melatonin treatment is partially protective but its 

effects may be partly confounded by ethanol used to dissolve melatonin.  
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6.3.  Introduction 

Birth asphyxia is relatively common with preterm birth, and remains a significant cause 

of neonatal death and neurodevelopmental delay (Edwards et al., 2010). Excess free 

radical production during asphyxia and early reperfusion is associated with lipid 

peroxidation, nucleic acid damage, and mitochondrial dysfunction that promote cell death 

(Khwaja & Volpe, 2008). Melatonin is a naturally occurring indoleamine involved in 

circadian rhythm, which also has anti-oxidant properties (Galano et al., 2011; Robertson 

et al., 2012). It readily crosses the human and ovine placentae making it an attractive 

option for prophylactic treatment of fetuses at high risk of perinatal hypoxia (Robertson 

et al., 2012). Melatonin given before and immediately after hypoxia-ischemia is 

neuroprotective in postnatal rodents (Lee et al., 2007; Hutton et al., 2009; Wang et al., 

2009b; Villapol et al., 2011; Balduini et al., 2012). Postnatally, high-dose (5 mg/kg/h 

over 6 h) melatonin given immediately after hypoxia-ischemia in term piglets augmented 

protection from therapeutic hypothermia on both MR spectroscopy markers of anaerobic 

stress, and histopathology (Robertson et al., 2013a).  

In contrast, there have been few studies of antenatal treatment and relatively limited large-

animal evidence that prophylactic low-dose melatonin can protect against hypoxic-

ischemic injury in the preterm fetus. In fetal sheep, Miller and colleagues showed that 

maternal prophylactic melatonin (1 mg total) given before 10 min UCO at term-

equivalent was associated with reduced brain lipid peroxidation, neuronal death, 

microglial activation and astrogliosis (Miller et al., 2005; Yawno et al., 2012). In preterm 

fetal sheep at 0.6 gestation fetal infusion of high-dose (20 mg/kg) melatonin for 6 h from 

shortly after UCO was associated with reduced apoptosis and microglia in the white-

matter, although cell survival was not quantified (Welin et al., 2007).  



Chapter 6 – Neuroprotection with melatonin 

175 

A further important consideration is that as melatonin is hydrophobic, ethanol has often 

been used as a diluent. Ethanol adversely affects the developing brain (Dalitz et al., 2008). 

However, it can also improve outcome in models of adult stroke (Wang et al., 2012b). 

Thus, there is potential for confounding of the effects of melatonin. Postnatally, very high 

dose melatonin (10 mg/kg) dissolved in ethanol was associated with hypotension and 

increased inotrope requirements after hypoxia-ischemia in term piglets; it is unknown 

whether the melatonin or ethanol or both mediated this adverse effect (Robertson et al., 

2013a). For a prophylactic treatment strategy, it is important to use much lower doses to 

avoid risks of compromising fetal adaptation to severe insults or, indeed, any adverse 

effects in infants at low risk of injury. 

In the present study, we tested the hypothesis that prophylactic maternal low-dose 

melatonin is neuroprotective following profound asphyxia in fetal sheep at 0.7 of 

gestation, and the secondary hypothesis that the vehicle, low-dose ethanol, is deleterious.  

Brain development at this age is broadly consistent with 28 to 32 weeks in humans, before 

the development of cortical myelination (McIntosh et al., 1979).  



Chapter 6 – Neuroprotection with melatonin 

176 

6.4.  Methods 

All procedures were approved by the Animal Ethics Committee of The University of 

Auckland following the New Zealand Animal Welfare Act, and the Code of Ethical 

Conduct for animals in research established by the Ministry of Primary Industries, 

Government of New Zealand. Twenty three Romney/Suffolk fetal sheep were operated 

on at 98-99 days of gestation (term = 147 days). Food, but not water was withdrawn 18 h 

before surgery. Ewes were given 5 ml of Streptocin (procaine penicillin (250,000 IU/ml) 

and dihydrostreptomycin (250 mg/ml); Stockguard Labs Ltd, Hamilton, New Zealand) 

intramuscularly for prophylaxis 30 min prior to the start of surgery. Weight was recorded 

for calculation of drug doses. Anesthesia was induced by i.v. injection of propofol (5 

mg/kg; AstraZeneca Limited, Auckland, New Zealand), and general anesthesia 

maintained using 2-3% isoflurane in O2. A 20 gauge i.v. catheter was placed in a maternal 

front leg vein and the ewes were placed on a constant infusion saline drip to maintain 

maternal fluid balance. Ewes were ventilated and the depth of anesthesia, maternal heart 

rate and respiration were constantly monitored by trained anesthetic staff.  

All surgical procedures were performed using sterile techniques. Following a maternal 

midline abdominal incision and exteriorization of the uterus and either the top or bottom 

half of the fetus, catheters were placed in the left fetal femoral artery and vein, right 

brachial artery and vein, and the amniotic sac. An ultrasonic blood flow probe (size 3S; 

Transonic Systems Inc., Ithaca, NY, USA) was placed around the left carotid artery to 

measure CaBF as an index of global cerebral blood flow (Gonzalez et al., 2005). A second 

probe (2R) was placed around the contralateral femoral artery to the catheter as a 

surrogate index of peripheral blood flow. Two pairs of EEG electrodes (AS633-5SSF, 

Cooner Wire Co., Chatsworth, CA, USA) were placed on the dura over the parasagittal 
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parietal cortex (5 mm and 10 mm anterior to bregma and 5 mm lateral) and secured with 

cyanoacrylate glue. A reference electrode was sewn over the occiput. A pair of electrodes 

was sewn into the nuchal muscle to record EMG activity as an index of fetal body 

movements. A further pair of electrodes was sewn over the fetal chest to measure the fetal 

electrocardiogram (ECG). An inflatable silicone occluder was placed around the 

umbilical cord of all fetuses (In Vivo Metric, Healdsburg, CA, USA). All fetal leads were 

exteriorized through the maternal flank and a maternal long saphenous vein was 

catheterized to provide access for post-operative care and euthanasia. 80 mg gentamicin 

(Rousell, Auckland, New Zealand) was administered into the amniotic sac prior to closure 

of the uterus. 

Post-operatively all sheep were housed in separate metabolic cages with access to water 

and food ad libitum, together in a temperature-controlled room (16±1C, humidity 

50±10%) with a 12 h light/dark cycle. A period of at least 4 days post-operative recovery 

was allowed before experiments commenced, during which time antibiotics were 

administered to the ewe daily for four days i.v. (600 mg benzylpenicillin sodium; Novartis 

Ltd, Auckland, New Zealand, and 80 mg gentamicin). Fetal catheters were maintained 

patent by continuous infusion of heparinized saline (20 U/ml at 0.15 ml/h) and the 

maternal catheter maintained by daily flushing. Light proof tubing was used to cover the 

maternal venous catheter. 

Melatonin (Sigma-Aldrich, Auckland, New Zealand) was prepared by dissolving 100 mg 

in 2 ml of pure ethanol and then adding sterile normal saline to a total volume of 100 ml 

(i.e. 1 mg/ml melatonin in 2% ethanol). The total amount of maternal ethanol infused over 

the 6 h period was 0.66±0.03 g in the vehicle+occlusion group and 0.71±0.02 g in the 

melatonin+occlusion group (N.S.). 
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6.4.1. Experimental procedures 

Recordings  

Fetal MAP (Novatrans II, MX860; Medex Inc., Hilliard, OH, USA), corrected for 

maternal movement by subtraction of amniotic fluid pressure, FHR derived from the 

ECG, CaBF, FBF, EEG, and EMG were recorded continuously from -24h to 168 h after 

UCO. The blood pressure signal was collected at 64 Hz and low pass filtered at 30 Hz. 

The nuchal EMG signal was band-pass filtered between 100 Hz and 1 kHz, the signal was 

then integrated using a time constant of 1 sec. The analogue fetal EEG signal was low 

pass filtered with the cut-off frequency set with the -3 dB point at 30 Hz, and digitized at 

256 Hz (using analogue to digital cards, National Instruments Corp., Austin, TX, USA). 

The intensity and frequency were derived from the intensity spectrum signal between 0.5 

and 20 Hz. For data presentation, the total EEG intensity (power) was normalized by log 

transformation (dB, 20 x log (intensity)), and data from left and right EEG electrodes 

were averaged to give mean total EEG activity. The 90% spectral edge of the EEG, i.e. 

the frequency below which lay 90% of the EEG intensity, was calculated from the spectra. 

Quantitative EEG measurements for each waveform were performed to quantify power 

in the Delta (0-3.9 Hz), Theta (4-7.9 Hz), Alpha (8-12.9 Hz), and Beta (13-22 Hz) bands. 

This involved calculating power spectra (by fast Fourier transform) of the EEG on 

sequential epochs, using a 10 s Hanning-window to minimize spectral leakage (Keogh et 

al., 2012b). Data were collected by computer and stored to disk for off-line analysis. 

Experimental protocol 

Experiments were conducted at 103-104 days gestation. Fetuses were randomly assigned 

to melatonin+occlusion (n=7), vehicle+occlusion (n=8), or saline+occlusion (n=8). Sham 

occlusion fetuses received no occlusion (n=8). Melatonin or the same volume of vehicle 
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(2% ethanol) or normal saline was administered to the maternal saphenous vein 15 min 

before UCO as a 0.1 mg/kg bolus followed by a 0.1 mg/kg/h infusion for 6 h. The total 

amount of maternal melatonin received over the 6 h period in the melatonin+occlusion 

group was 4.5 ±0.11 mg. 

Fetal asphyxia was induced by rapid inflation of the umbilical cord occluder for 25 min 

with sterile saline of a defined volume known to completely inflate the occluder and 

totally compress the umbilical cord, as determined in pilot experiments with a Transonic 

flow probe placed around an umbilical vein. Successful occlusion was confirmed by 

observation of a rapid onset of bradycardia with a rise in MAP, and by pH and blood gas 

measurements. The duration of occlusion was chosen to represent an acute, severe, near-

terminal insult that could be survived without post-asphyxial cardiac support and is 

associated with severe subcortical neuronal loss.(Keogh et al., 2012b) All occlusions or 

sham occlusions were undertaken around 0900 h. 

Fetal arterial blood was taken at 30 min before occlusion, 5 and 17 min during asphyxia 

and then 10 min, 1, 2, 4, 6, 24, 48, 72, 96, 120, 144, and 168 h post-asphyxia for pH and 

blood gas determination (Ciba-Corning Diagnostics 845 blood gas analyzer and co-

oximeter, MA., USA) and for glucose and lactate measurements (YSI model 2300, 

Yellow Springs, Ohio, USA). Samples at -30 min before occlusion, at +6 h, and then daily 

samples from the day after occlusion at 0900 were taken for plasma cortisol, ACTH and 

melatonin concentration determination, and for electrolyte, liver enzymes and synthetic 

function, and full blood count analysis (LabPlus, Auckland City Hospital, and Gribbles 

Veterinary Pathology, Auckland for full blood count). After the last blood sample ewes 

and fetuses were killed by an intravenous overdose of pentobarbitone sodium (9 g) to the 

ewe (Pentobarb 300; Chemstock International, Christchurch, New Zealand).   
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6.4.2. Hormone assays 

Cortisol levels were measured by liquid chromatography-tandem mass spectrometry 

method as previously described (Keogh et al., 2012a). Mean inter and intra assay CV 

values for cortisol were 5.8 and 6.0%, respectively. ACTH levels in the plasma samples 

were measured in duplicate using a 125I RIA kit (24130, DiaSorin, Stillwater, MN) 

validated for ovine maternal and fetal plasma. The intra-assay coefficient of variation was 

9.7% and the inter-assay coefficient was 12.8%. The mean ACTH assay sensitivity was 

9.7 pg/ml and samples showing less than this value were assigned this value for analysis. 

Fetal plasma melatonin concentration was measured by RIA using a commercial kit 

(Labor Diagnostika Nord GmbH & Co. KG; Melatonin Research RIA Kit Cat# BA R-

3900) following the manufacturer’s instructions. The inter- and intra-assay coefficients 

were less than 10%; sensitivity was 1.3 pg/ml. Because of a freezer accident melatonin 

could not be measured at +6 h. 

6.4.3. Histopathology 

The fetal brains were perfusion fixed with 10% phosphate-buffered formalin. Slices (10 

µm thick) were cut using a microtome (Leica Jung RM2035). Slides were dewaxed in 

xylene and rehydrated in decreasing concentrations of ethanol. Slides were washed in 0.1 

mol/L phosphate buffered saline (PBS). Antigen retrieval was performed using the 

pressure cooker method with citrate buffer. Endogenous peroxidase quenching was 

performed by incubation in 1 % H202 in methanol for NeuN, Iba-1, CNPase and Ki-67 

and PBS for Olig-2. Blocking was performed in 3 % normal horse serum (NHS) for NeuN 

and Iba-1 and normal goat serum (NGS) for Olig-2, CNPase and Ki-67 for 1 h at room 

temperature. Sections were labelled with 1:400 mouse NeuN (Chemicon International, 

Temecula, CA, USA ), 1:400 Olig-2 (Chemicon International, Olig-2, a marker for 
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oligodendrocytes at all stages of the lineage(Jakovcevski et al., 2009)), 1:200 Ki-67 

(Dako, Aus), 1:200 goat anti-Iba-1 (Abcam) and 1:200 mouse anti-CNPase (Abcam) 

overnight at 4°C. Sections were incubated in biotin-conjugated secondary 1:200 horse 

anti-mouse (NeuN) or 1:200 goat anti-rabbit IgG (Vector Laboratories, Burlingame, 

USA) in 3.5% NHS of NGS for goat. Slides were then incubated in ExtrAvidin® (1:200, 

Sigma-Aldrich Pty. Ltd.) in PBS for two hours at room temperature and then reacted in 

diaminobenzidine tetrachloride (DAB) (Sigma-Aldrich Pty. Ltd.). The reaction was 

stopped by washing in PBS, the sections dehydrated and mounted. For fluorescent double 

labelling, dewaxing, rehydrating and antigen retrieval was performed as described above. 

Sections were blocked in 3% NGS for one hour at room temperature. Sections were 

incubated with either 1:400 rabbit anti-Olig-2 or 1:50 anti-platelet derived growth factor 

receptor alpha (PDGFR-, a marker of oligodendrocyte progenitor cells, (Baumann & 

Pham-Dinh, 2001)) and 1:200 mouse anti-Ki-67 in 3% NGS at 4° C overnight. Sections 

were washed in PBS and incubated with 1:200 biotinylated goat anti-mouse IgG (Vector 

Laboratories) for three hours at room temperature. Sections were washed and incubated 

with 1:200 streptavidin Alexa 488 and 1:200 donkey anti-rabbit Alexa 568. Sections were 

then washed and mounted. 

Brain regions of the forebrain used for analysis included the mid-striatum (comprising 

the caudate nucleus and putamen), and the frontal subcortical white matter (comprising 

the intragyral, IGWM, and periventricular, PVWM, regions) on sections taken 23 mm 

anterior to stereotaxic zero.. The cornu ammonis (CA) of the dorsal horn of the anterior 

hippocampus (divided into CA1/2, CA3, CA4, and dentate gyrus (DG)) were assessed on 

sections taken 17 mm anterior to stereotaxic zero. Neuronal (NeuN), oligodendrocyte 

(Olig-2, CNPase) and microglial (Iba-1) changes, and proliferation (Ki-67) were scored 

on stained sections by light microscopy at 40x magnification on a Nikon 80i microscope 
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with NIS Elements Br 4.0 software (Nikon Instruments Inc., Melville, N.Y., U.S.A.) 

using seven fields in the striatum (four in caudate nucleus, three in putamen), two fields 

in the white matter (one intragyral, one periventricular) and one field in each of the 

hippocampal divisions. Microglia were counted as cells with Iba-1 immunostaining. For 

assessment of activated microglia Iba-1 cells showing an amoeboid morphology with no 

cell processes were counted (Faulkner et al., 2011b). For each animal, average scores 

across both hemispheres from two sections were calculated for each region. Counts were 

made by an assessor blinded to treatment group. 

6.4.4. Data analysis 

Off-line analysis of the physiological data was performed using customized Labview 

programs. CVC and femoral vascular conductance (FVC) were calculated as MAP/flow.  

The raw EEG was assessed for epileptiform activity. Seizures were identified visually 

and defined as the concurrent appearance of sudden, repetitive, evolving stereotyped 

waveforms in the EEG signal lasting more than 10 sec and of an amplitude greater than 

20 μV (Scher et al., 1993b). 

Data were analyzed using SPSS 15.0 for windows (SPSS, Chicago, Il, USA) and JMP 8.0 

(SAS Institute, Cary, North Carolina, USA). For analysis of the recovery data after 

occlusion (from 1 to 168 h post-occlusion) the baseline period was taken as the mean of 

the 24 h before occlusion. For between group comparisons two-way analysis of variance 

(ANOVA) for repeated measures was performed. When statistical significance was found 

between groups for repeated measures ANOVA in JMP post-hoc contrast tests were used 

between groups. When significance was found between group and time for repeated 

measures, Tukey’s pairwise comparisons were used to compare selected time points. For 

blood gas, electrolyte, LFT, hormonal, and histological data ANOVA was performed, 
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with post-hoc Tukey’s pairwise comparisons when significance was found. When 

baseline differences were found, analysis of covariance was performed on subsequent 

results and least-squares difference post-hoc tests performed as appropriate. If there was 

an effect of region and group then each region was tested individually. Non-parametric 

Mann-Whitney U-tests were used when appropriate. α error was set as p<0.05. Data are 

presented as mean ± SEM unless otherwise stated.  
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6.5.  Results 

6.5.1. Baseline and umbilical cord occlusion 

All fetuses had baseline blood gases, acid-base status and glucose-lactate values in the 

normal range by our laboratory standards. UCO was associated with marked fetal 

hypoxia, hypercarbia and acidosis (Table 6), bradycardia, hypotension, peripheral 

vasoconstriction, cerebral hypoperfusion, and EEG suppression. There were no 

differences between occlusion groups during or immediately after occlusion. 

6.5.2. Recovery 

There was a significant effect of time (p<0.05), and group and time (p<0.05), but not 

group for MAP, FHR, extradural temperature and nuchal EMG (Figure 27). There were 

no significant differences on post-hoc tests except briefly at 33-35 h for nuchal EMG 

where melatonin+occlusion was significantly lower than the other two groups (p<0.05). 

Extradural temperature in the first 6 h of recovery was not different between the 

saline+occlusion, vehicle+occlusion and melatonin+occlusion groups; 39.3±0.1, 

39.3±0.0 and 39.3±0.1 °C respectively (NS). 

There were significant effects of time and group (p<0.05) for CaBF, CVC, FBF and FVC 

(Figure 28). Post-hoc contrast tests showed that the melatonin+occlusion group had a 

significantly lower CaBF, CVC and FVC over the recovery period compared to the 

saline+occlusion group. Additionally, there was a statistically borderline reduction in 

CaBF compared to vehicle+occlusion (p=0.05). Post-hoc, the melatonin+occlusion group 

had significantly lower CaBF and CVC compared to the saline+occlusion group from 87-

168 h. There were no individual differences between the vehicle+occlusion group and the 
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other groups. FBF and FVC were significantly lower in the melatonin+occlusion group 

compared to the saline+occlusion group from 80-168 h.  

There was also a significant effect of time and group for EEG power and spectral edge. 

EEG power in the melatonin+occlusion group recovered significantly faster than the 

saline+occlusion group, from 16-57 h (Figure 27). There was no significant difference 

between the vehicle+occlusion group and the other two groups. There was no significant 

difference between the final EEG recoveries between groups. There were no significant 

post-hoc differences for spectral edge between groups. Similarly, there was significant 

effect of time and group for delta, theta, alpha, and beta power (Figure 29). Post-hoc, 

delta power was significantly higher in the melatonin+occlusion at 23 h compared to both 

the vehicle+occlusion and saline+occlusion groups, and at 28 h compared to the 

saline+occlusion group only. Alpha power was significantly greater at 2 h in the 

melatonin+occlusion compared to the saline+occlusion group only. There were no post-

hoc differences for theta or beta power.  

No seizures were observed in the sham occlusion group. There were no significant 

differences in the seizure period, median duration or median power between occlusion 

groups (Table 7). Seizures began significantly later in the melatonin+occlusion group 

than the saline+occlusion group, but not the vehicle+occlusion group. The total number 

and total duration were significantly lower in the vehicle+occlusion group compared with 

saline+occlusion, but not compared with melatonin+occlusion. 
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Figure 27. Mean arterial blood pressure (MAP), fetal heart rate (FHR), EEG power, 

and nuchal electromyography (nuchal EMG) from 24 h baseline prior to umbilical cord 

occlusion through to +168 h after occlusion. Intra-occlusion data omitted. Open circles: 

saline+occlusion; closed circles: vehicle+occlusion; closed triangles: 

melatonin+occlusion. Data are hourly mean±SEM. Solid significance bar denotes 

p<0.05 for saline+occlusion vs. melatonin+occlusion. 
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Figure 28. Carotid artery blood flow (CaBF), carotid artery vascular conductance 

(CVC), femoral blood flow (FBF), and femoral artery vascular conductance (FVC) 

from 24 h baseline prior to umbilical cord occlusion through to +168 h after occlusion. 

Intra-occlusion data omitted. Open circles: saline+occlusion; closed circles: 

vehicle+occlusion; closed triangles: melatonin+occlusion. Data are hourly mean±SEM. 

Solid significance bar denotes p<0.05 for saline+occlusion vs. melatonin+occlusion. 
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Figure 29. (SF) Delta, theta, alpha, and beta power from -24 h baseline through to +168 

h after umbilical cord occlusion. Data are hourly mean±SEM. No statistical differences 

were found between groups. 
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6.5.3. Biochemistry 

Blood gas data showed significant differences between groups, with a lower PCO2 and 

lactate, and higher PO2 in the vehicle+occlusion group than the saline+occlusion group 

(Table 6), and a lower Hb and Hct, and higher HCO3
- in the melatonin+occlusion and 

vehicle+occlusion groups than the saline+occlusion group during occlusion. pH was 

lower in the melatonin+occlusion group than saline+occlusion from 3-7 d. Serum 

electrolytes, liver function tests, thyroid function tests and full blood counts (FBC) are 

shown in Table 8. Key differences were lower sodium during the recovery phase in the 

melatonin+occlusion and vehicle+occlusion groups than the saline+occlusion group. 

Transaminases were not elevated. T4 levels progressively increased in the recovery phase 

in all groups; the increase was earlier and greater in the melatonin+occlusion and 

vehicle+occlusion groups than the saline+occlusion group. There were no differences 

between groups for FBC. There was a significant leukocytosis in the saline+occlusion 

group at 6 h, and in all groups at 24 h compared to baseline (Table 9). There was a 

combined lymphocytosis and neutrophilia in the saline+occlusion group, but only 

neutrophilia in the vehicle+occlusion and melatonin+occlusion groups.  

Plasma cortisol, ACTH and melatonin were similar between groups at baseline (Figure 

30). The post occlusion rise in cortisol and ACTH was significantly greater in the 

melatonin+occlusion and vehicle+occlusion groups than the saline+occlusion group. 

Plasma melatonin was significantly higher in the melatonin+occlusion group at 24 h 

compared to baseline (0.04±0.00 vs. 0.02±0.00 ng/mL respectively) and compared to the 

vehicle+occlusion group (0.02±0.00 ng/mL, Figure 30).  
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Figure 30. (SF) Plasma hormone data from baseline through to +168 h. Clear bars: 

saline+occlusion; grey bars: vehicle+occlusion; black bars: melatonin+occlusion. Data 

are mean±SEM. *p<0.05 compared to respectively baseline value after paired T-test. 

§p<0.05 compared to saline+occlusion, and #p<0.05 compared to vehicle+occlusion 

after analysis of variance with post-hoc Tukey’s pairwise comparisons as appropriate. 
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6.5.4. Post-mortem data and histopathology 

Lung and brain weight were significantly lower in the saline+occlusion and 

vehicle+occlusion groups but not in the melatonin+occlusion group compared to sham 

occlusion (Table 10). Relative brain weight was significantly lower in the 

saline+occlusion group compared to the sham occlusion group. There were no significant 

differences in other organ weights or body weight between groups. 

The number of NeuN positive cells in the CA1-2 and CA3 region of the hippocampus 

was significantly lower in the saline+occlusion, vehicle+occlusion and 

melatonin+occlusion groups compared to sham controls (Figure 31 and Figure 32). There 

were no significant differences between occlusion groups in CA1-2. There were 

significantly fewer NeuN positive cells in the CA4 region in the vehicle+occlusion and 

melatonin+occlusion groups compared to sham occlusion, and in the vehicle+occlusion 

group compared to the saline+occlusion group. There were significantly fewer cells in 

the dentate gyrus in the vehicle+occlusion group compared to sham occlusion. There were 

significantly fewer cells in the caudate nucleus in the saline+occlusion group compared 

to the sham occlusion, vehicle+occlusion and melatonin+occlusion groups.  There were 

no significant differences in the putamen. 

There were no significant differences in the number of Olig-2 positive cells between 

groups (Figure 33 and Figure 34). There was a substantial reduction in numbers of 

immunopositive CNPase cells in the IGWM in all three occlusion groups compared to 

sham occlusion. In the PVWM there were significantly fewer CNPase positive cells in 

the saline+occlusion and vehicle+occlusion groups compared to the sham occlusion and 

melatonin+occlusion groups. There were significantly more Ki-67 positive staining cells 
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in the melatonin+occlusion and saline+occlusion groups compared to the sham occlusion 

and vehicle+occlusion groups (Figure 33 and Figure 34). Ki-67 immunostaining 

substantially co-localized with both Olig-2 and the oligodendrocyte progenitor cell 

marker, PDGFR- (Figure 35 and Figure 36).  

The total number of Iba-1 positive cells was significantly greater in all occlusion groups 

than sham occlusion (Figure 33 and Figure 34). There were significantly fewer cells per 

field in the melatonin+occlusion group compared to the vehicle+occlusion group. There 

were significantly more Iba-1 positive cells with amoeboid morphology in the 

vehicle+occlusion group compared to sham occlusion and melatonin+occlusion, and a 

borderline trend compared with saline+occlusion. 

 

Figure 31. NeuN cell counts in cornu ammonis 1-2 (CA1-2), CA3, CA4, dentate gyrus 

(DG), caudate nucleus and putamen. Data are mean±SEM. Significance bars where 

p<0.05 after analysis of variance and post-hoc Tukey's tests when overall significance 

was found. 
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Figure 32. Photomicrograph plate showing representative NeuN staining imaged at 40x 

magnification. Scale bar is 200 µm. 
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Figure 33. Olig-2, CNPase, Ki-67, and Iba-1 cell counts in intragyral white matter 

(IGWM) and periventricular white matter (PVWM). Data are mean±SEM. 

Significance bars when p<0.05 after analysis of variance and post-hoc Tukey’s tests 

when overall significance was found. 
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Figure 34. Photomicrographs showing representative Olig-2, CNPase, Ki-67, and Iba-1 

staining imaged at 40x magnification. White arrows show examples of CNPase positive 

cells. Black arrows show examples of resting microglia. White arrows with black outline 

show examples of amoeboid microglia. Scale bar is 200 µm. 
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Figure 35. (SF) Representative photomicrographs of double-label fluorescent 

immunostaining in the intragyral white-matter (IGWM) and periventricular white-

matter (PVWM) of Olig-2 (red) and Ki-67 (green) with merged images. White arrow 

shows example of cell with dual signal. Scale bar is 200 µm. 
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Figure 36. (SF) Representative photomicrographs of double-label fluorescent 

immunostaining in the periventricular white-matter of platelet-derived growth factor 

(PDGFR)-α (red) and Ki-67 (green), with merged images. White arrows show examples 

of cells with dual signal. Scale bar is 200 µm. This figure has been artificially enhanced 

with Photoshop for clarity in print. Original RGB version in pdf version of thesis. 
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6.6.  Discussion 

The present study demonstrates that prophylactic maternal low-dose melatonin treatment 

was associated with multifaceted improvement after profound asphyxia in preterm fetal 

sheep, including faster fetal EEG recovery, delayed onset of seizures, improved survival 

of mature oligodendrocytes, increased proliferation, and reduced microglial activation in 

the periventricular white matter. Fetal melatonin levels were still elevated 24 h after 

occlusion, consistent with its excellent transplacental passage (Robertson et al., 2012). 

However, although maternal melatonin was associated with apparent improvement in 

neuronal survival in the striatum, but not the hippocampus, the vehicle, 2% ethanol was 

associated with a similar improvement in striatal neuronal survival, and with reduced 

duration of fetal seizures compared with maternal saline treatment. Ethanol vehicle was 

also associated with greater neuronal loss in the CA3 and CA4 regions of the 

hippocampus and reduced white matter proliferation, with greater induction of amoeboid 

microglia. These findings strongly suggest potential for partial confounding of the effects 

of melatonin with those of ethanol. These differences were not associated with any 

differences in fetal brain temperature between groups (Barrett et al., 2012).  

Prolonged UCO was associated with substantial fetal subcortical injury to white and grey 

matter. Intriguingly, there was no significant net loss of Olig-2 positive oligodendrocytes 

in the intragyral and periventricular white matter after 7 days recovery. In contrast, there 

was a marked loss of mature, CNPase positive, oligodendrocytes, suggesting a shift to 

more immature forms of oligodendroglia. We have previously shown that after 3 days 

recovery at this gestation, occlusion was associated with loss of O4 immuno-staining, a 

marker of immature oligodendrocytes but sparing of CNPase positive cells (Bennet et al., 

2007c; Barrett et al., 2012). Further, in the present study we found a substantial increase 
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in proliferation, with co-localization of Ki-67 with Olig-2 positive cells, and critically, 

with PDGFR- positive oligodendrocyte progenitors. This combination of findings 

suggests that rather than a primary loss of mature oligodendrocytes, asphyxia was 

associated with initial loss of immature oligodendroglia, followed by intense restorative 

proliferation of oligodendrocyte progenitors that restored total numbers of cells, but with 

impaired lineage maturation. This pattern is consistent with the seminal findings of from 

Back and colleagues of maturational arrest of oligodendrocytes in the neonatal rat after 

hypoxia ischemia (Segovia et al., 2008), and in premature infants with diffuse white 

matter injury (Buser et al., 2012).  

Ethanol is widely used as a vehicle for numerous studies, such those using melatonin as 

a putative neuroprotective agent (Miller et al., 2005). It is an allosteric modulator of the 

inhibitory GABA receptor, increasing opening frequency and chloride flux (Kumar et al., 

2009), and increases GABAergic neurotransmission both indirectly and through GABA 

release from presynaptic terminals in many brain regions (Kelm et al., 2011). Further, it 

can suppress activation of innate immunity through the toll-like receptor 4 receptor 

(Pascual et al., 2011). These neuroinhibitory and anti-inflammatory effects may have 

contributed to improved neuronal survival in the striatum in the current study. In contrast, 

maternal ethanol was associated with reduced neuronal survival in the CA3 and 4 regions 

of the fetal hippocampus. The reason for these markedly different effects are unknown; 

however, it is striking that these changes were associated with such a small exposure to 

ethanol (a total of 0.66±0.03 g in the vehicle+occlusion group and 0.71±0.02 g in the 

melatonin+occlusion group), corresponding with approximately 7% of a standard 10 g 

drink over 6 h. This is far less than the amount previously shown to cause fetal brain 

injury in isolation; for example, Daltiz et al reported white matter injury in late gestation 
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sheep exposed to 1 g of ethanol per kg maternal weight for 3 consecutive days 

(corresponding with a total of approximately 70 g per day) (Dalitz et al., 2008). 

Ethanol promotes GABA release in the hippocampus but not thalamus, for example 

(Kelm et al., 2011). There is some evidence that the GABA receptor is excitatory in the 

developing brain (Ben-Ari, 2002), and thus, speculatively, regional differences in 

inhibitory versus excitatory function could contribute to differential effects (Crossley et 

al., 2000). Further, in the present study ethanol was associated with an exaggerated 

increase in fetal plasma cortisol by 24 h, which may have adverse effects on the brain. 

For example, in guinea pigs ethanol increases glucocorticoid concentration-induced 

glutamate release from the fetal hippocampus (Iqbal et al., 2006), and so may have 

worsened excitotoxicity. 

Maternal ethanol exposure had no net effect on total oligodendrocytes or net loss of 

mature (CNPase positive) oligodendrocytes or induction of microglia in the fetal white 

matter tracts compared to saline. However, it was associated with marked suppression of 

proliferation at day 7 after occlusion. Consistent with the reduced proliferation, the 

increase in circulating neutrophils, lymphocytes, and monocytes was delayed after 

ethanol treatment. Invading monocytes are also stained with Iba-1, which may contribute 

to the increase in Iba-1 positive cells after occlusion. Despite this delay, ethanol was 

associated with greater induction of amoeboid (activated) microglia. The role of microglia 

in recovery from injury is complex, with increasing evidence for cytotoxic responses in 

the early stages of injury, mediated by release of pro-inflammatory cytokines, followed 

by a phenotypic shift toward immune regulation, and injury resolution (Mosser & 

Edwards, 2008). The present findings would be consistent with initial suppression of 

inflammation but impairment of the shift towards protective phenotypes, and continuing 

impairment of white matter maturation. 
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Melatonin is well established to have potent anti-oxidant properties as shown for example 

by neural lipid peroxidation and hydroxyl radical production in fetal sheep (Miller et al., 

2005; Yawno et al., 2012). Further, there is evidence that at least part of its direct 

neuroprotective, anti-apoptotic effects were mediated by binding to the MT1/MT2 

membrane receptors after excitotoxic injury in neonatal mice (Husson et al., 2002). The 

apparent effects of maternal melatonin were not different from vehicle in grey matter in 

the present study. In white matter, however, melatonin was associated with restoration of 

mature oligodendrocytes consistent with normal maturation, restoration of proliferation 

compared with vehicle, and reduced total number of microglia compared to saline or 

ethanol, and alleviation of the exaggerated rise in numbers of amoeboid forms associated 

with ethanol. Further studies would be valuable to assess whether these morphological 

changes were associated with altered microglial toxicity, however, this outcome is highly 

consistent with previous reports of reduced microglial activation by melatonin in rodents 

and fetal sheep after hypoxia-ischemia (Miller et al., 2005; Balduini et al., 2012; Yawno 

et al., 2012).  It is likely that these effects were related to suppression of the neural 

microglia. Maternal melatonin was associated with a reduced peripheral white cell 

response but its effects were not significantly different from ethanol. 

Similar to previous studies, UCO was associated with prolonged reduction in carotid 

blood flow and suppression of EEG activity, which resolved after approximately 48 to 72 

h (Keogh et al., 2012b). The early stages of this pattern primarily reflect active 

suppression of cerebral metabolism and activity (Jensen et al., 2006). In the present study, 

maternal melatonin was associated with sustained reduction in carotid vascular 

conductance and blood flow that had not resolved after 7 days recovery. Melatonin has 

been associated with constriction of cerebral arteries in rodents (Geary et al., 1997), and 

can inhibit iNOS and mitochondrial NOS mediated injury in septic rodents (Tapias et al., 
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2009). Whether this is also associated with reduced NO mediated vasodilation is 

unknown. CaBF remained suppressed for most of the recovery period while EEG power, 

including high frequency activity, had returned to normal; the impact of this is unclear 

given the modest neuronal and oligodendrocyte protection, and no significant change in 

brain weight compared to sham occluded fetuses. We have previously shown that this 

paradigm is associated with progressive development of relative luxury perfusion after 

approximately 24 h as measured by near-infrared spectroscopy (Bennet et al., 2006b). 

Thus, it is possible that ongoing suppression of CaBF may reflect a beneficial reduction 

in luxury perfusion. 

Recovery of fetal EEG power was significantly faster after maternal melatonin than 

saline, with intermediate recovery after maternal ethanol infusion. Both clinically 

(Thoresen et al., 2010), and in fetal sheep (Keogh et al., 2012b), more rapid EEG recovery 

is associated with better outcomes. Thus, it is highly likely that this electrophysiological 

improvement reflects the combination of reduced white matter and striatal injury in the 

melatonin group, and in the striatum in the ethanol group. Further, in the present study, 

the onset of post-asphyxial seizures was delayed after melatonin, and there were 

significantly fewer seizures in the ethanol group. It is unlikely that this is a direct 

inhibitory effect of ethanol per se as it would have been cleared by the ewe by this time, 

and may therefore indicate an effect of treatment.  

In conclusion prophylactic low-dose maternal melatonin treatment was associated with 

protection of fetal mature oligodendrocytes, increased proliferation and reduced 

microglial activation in white matter tracts, and delayed seizure onset. However, striatal 

neuroprotection appeared to be mediated by the ethanol vehicle. Given that ethanol had 

adverse effects on the hippocampus and on microglial activation, it is essential to develop 

an alternate, safe, vehicle for melatonin before clinical evaluation can be considered. 
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 Group Baseline 
5 min 
occlusion 

17 min 
occlusion +10 min +1 h +2 h +4 h +6 h +24 h +48 h +72 h +96 h +120 h +144 h +168 h 

pH S 7.39±0.01 7.03±0.02* 6.84±0.01* 7.16±0.01* 7.30±0.01* 7.35±0.01 7.42±0.01 7.41±0.01 7.38±0.01 7.39±0.01 7.40±0.01 7.41±0.01 7.40±0.00 7.40±0.00 7.39±0.01 

 V 7.37±0.01 7.04±0.02* 6.85±0.02* 7.16±0.01* 7.30±0.02* 7.37±0.02 7.42±0.01* 7.41±0.01* 7.36±0.01 7.37±0.00 7.39±0.00* 7.38±0.01 7.38±0.01 7.43±0.04 7.37±0.01 

 M 7.37±0.01 7.03±0.02* 6.84±0.02* 7.15±0.01* 7.28±0.01* 7.34±0.01* 7.39±0.01 7.40±0.01* 7.39±0.01* 7.37±0.01 7.38±0.01# 7.37±0.01# 7.36±0.01# 7.36±0.01 7.35±0.01#§ 

 

PCO2 S 48.1±0.7 107.0±5.0* 142.1±5.1* 54.6±2.1* 42.5±0.9* 43.7±1.3* 43.0±0.5* 47.3±0.7 46.9±0.5 47.9±1.1 47.1±0.8 46.3±1.6 47.6±1.5 49.1±1.0 48.6±1.7 

(mmHg) V 48.7±0.9 90.7±4.3* 117.4±6.8#* 50.5±1.9 42.3±0.6* 42.3±1.1* 41.6±0.6* 47.2±1.4 45.6±1.3* 46.9±2.4 45.6±1.1* 47.6±1.2 49.3±0.9 49.3±1.3 48.2±0.6 

 M 51.8±1.5 98.5±5.1* 139.3±8.2* 52.8±2.8 45.9±2.2 43.0±3.5 45.4±1.8 48.7±0.8 49.1±0.7* 50.5±2.0 49.8±1.1§ 49.5±1.2 51.4±2.0 50.8±1.8 53.7±1.8 

 

PO2 S 24.7±1.5 6.0±0.9* 6.4±0.7* 33.3±2.0* 30.0±1.9* 25.8±2.2 27.0±2.0 25.9±2.4 27.0±1.7 28.2±1.8* 27.3±1.7 27.8±1.6* 26.0±1.9 26.5±2.0 26.3±2.3 

(mmHg) V 25.2±0.8 9.8±0.8#* 10.8±1.0#* 35.6±1.6* 31.0±1.2* 27.6±0.8* 29.2±1.2* 28.7±1.1* 31.9±1.6* 29.0±2.2 32.2±2.0* 30.4±1.5* 28.7±1.6 28.6±1.1* 28.4±1.0* 

 M 22.9±0.6 7.7±1.0* 9.0±1.5* 33.8±1.8* 29.5±1.1* 26.1±1.3* 25.5±1.3 25.2±1.2* 28.7±0.8* 29.8±0.7* 29.4±1.3* 26.8±1.3* 26.3±1.5 27.3±2.7 24.1±2.2 

 

Hb S 10.0±0.6 11.3±0.6* 10.4±0.5* 10.4±0.7 9.3±0.6 9.7±0.7 9.4±0.6* 9.9±0.6 9.6±0.5 9.3±0.4 9.3±0.4 9.0±0.4 9.2±0.3 9.5±0.4 9.5±0.5 

(g.dL-1) V 8.5±0.3 9.4±0.1#* 8.9±0.4 8.9±0.3* 8.5±0.2 8.2±0.2 8.6±0.2 9.2±0.3* 9.4±0.4* 9.3±0.6 9.6±1.0 9.6±1.1 9.4±1.2 9.3±1.1 8.5±0.8 

 M 9.5±0.4 9.5±0.3# 10.0±0.6 9.8±0.4 9.7±0.5 9.4±0.7 9.8±0.6 10.5±0.6* 10.4±0.9 9.8±0.6 9.8±0.7 9.8±0.9 9.9±1.1 11.1±1.9 10.8±2.6 

 

Hct S 29.6±1.9 33.2±1.9* 30.5±1.5* 30.7±2.1 27.5±1.7* 28.8±2.1* 27.7±1.6* 29.2±1.6 28.2±1.4 27.3±1.1 27.3±1.0 26.3±1.1 27.0±0.9 27.2±1.2 28.3±1.5 

(%) V 25.5±0.6 27.5±0.6#* 26.2±1.2 26.0±0.8 25.1±0.6 24.0±0.5 25.4±0.5 27.1±1.0 27.6±1.2* 27.4±1.7 28.3±2.8 28.3±3.2 27.6±3.5 27.4±3.3 25.2±2.2 

 M 28.0±1.2 28.0±0.9# 29.3±1.8 28.8±1.4 28.5±1.4 27.8±2.0 29.0±1.6 31.0±1.9* 30.6±2.4 29.0±1.8 29.2±2.0 28.8±2.7 29.0±3.2 32.5±5.7 31.8±7.6 

 

O2ct S 4.0±0.4 0.5±0.0* 0.4±0.0* 4.7±0.1 4.2±0.2 4.1±0.2 4.3±0.2 4.4±0.2 4.4±0.2 4.4±0.3 4.3±0.2 4.2±0.1 4.1±0.2 4.2±0.3 4.1±0.3 

(mmol.L-1) V 3.7±0.1 0.5±0.0* 0.4±0.0* 4.2±0.1* 4.0±0.1 3.8±0.1 4.2±0.1* 4.6±0.2* 4.7±0.2* 4.7±0.2* 4.7±0.3* 4.5±0.3* 4.1±0.3 4.2±0.3 4.1±0.2* 

 M 3.9±0.2 0.5±0.0* 0.5±0.0* 4.6±0.2* 4.5±0.1* 4.1±0.2 4.3±0.2* 4.6±0.3* 5.0±0.3* 4.8±0.2* 4.6±0.2* 4.4±0.2 4.0±0.2 4.1±0.3 3.5±0.2 

 

HCO3
- S 26.5±0.5 18.2±0.5* 13.4±0.5* 16.7±0.4* 19.6±0.5* 22.8±0.9* 26.5±0.8 28.1±0.9 25.9±0.5 27.3±0.4 27.3±0.6 27.1±0.5 27.1±0.5 27.7±0.5 27.0±0.5 

(mmol.L-1) V 26.9±0.5 22.8±0.7#* 19.3±1.3#* 17.0±0.8* 19.9±1.0* 23.5±0.8* 26.1±0.6* 28.4±0.5* 24.7±1.0* 26.4±1.4 26.5±0.6 27.1±0.3 27.7±0.4 27.8±0.6 26.8±0.4 

 M 28.9±0.8 24.5±0.5#* 22.4±1.1#* 17.4±0.7* 21.0±1.1* 22.6±2.1* 26.4±1.5 28.8±0.4 28.2±0.6§ 28.0±0.7 27.9±0.7 27.6±0.9 28.1±0.9 27.6±1.2 28.4±1.3 

 

BE S 2.9±0.4 -5.7±0.7* -12.4±0.6* -9.3±0.5* -5.4±0.6* -1.5±1.0* 2.6±0.8 4.5±0.9* 2.0±0.6* 3.6±0.5 3.5±0.7 3.3±0.7 3.4±0.6 4.0±0.6 3.3±0.7 

(mmol.L-1) V 2.0±0.6 -8.1±0.8#* -14.1±1.2* -10.6±0.9* -5.5±1.3* -1.2±0.9* 2.2±0.7 4.0±0.6 -0.1±1.0 1.6±1.2 2.0±0.5 2.3±0.2 2.7±0.4 2.9±0.5 1.9±0.4 

 M 3.7±0.7 -6.4±0.3* -12.4±0.8* -10.4±0.5* -4.7±1.1* -2.2±1.9* 1.9±1.6 4.1±0.5 3.4±0.7§ 2.9±0.5 3.0±0.7 2.6±0.9 2.9±0.9 2.3±1.2 2.8±1.2 

 

Lactate S 1.0±0.2 4.4±0.2* 6.8±0.4* 6.2±0.3* 4.4±0.2* 3.3±0.4* 2.3±0.4* 2.3±0.3* 1.1±0.1 1.0±0.1 1.0±0.1 1.0±0.1 0.9±0.1* 0.9±0.1* 0.9±0.1* 

(mmol.L-1) V 0.8±0.0 3.5±0.2* 5.2±0.2#* 5.6±0.3* 4.1±0.2* 2.6±0.2* 1.5±0.2* 1.9±0.2* 1.7±0.4 0.8±0.0 0.8±0.0 0.8±0.1 0.8±0.0 0.8±0.0 0.8±0.0 

 M 0.7±0.1 3.9±0.3* 6.3±0.3* 5.9±0.2* 4.5±0.5* 3.3±0.5* 2.2±0.6* 2.4±0.7* 1.2±0.2* 0.8±0.1 0.9±0.1* 0.9±0.1 0.8±0.1 0.7±0.1 0.8±0.1 

 

Glucose S 1.0±0.1 0.4±0.1* 0.8±0.1 1.8±0.2* 1.3±0.1* 1.4±0.2* 1.3±0.2* 1.5±0.1* 1.2±0.1 1.2±0.1* 1.1±0.1 1.1±0.1 1.1±0.0 1.1±0.1 1.1±0.1 

(mmol.L-1) V 0.9±0.1 0.2±0.1* 0.7±0.1* 1.6±0.1* 1.2±0.1* 1.2±0.1* 1.3±0.1* 1.6±0.1* 1.5±0.1* 1.2±0.1* 1.2±0.1* 1.0±0.2 1.0±0.1 1.2±0.1 1.2±0.1 

 M 1.0±0.1 0.4±0.0* 0.7±0.1 1.5±0.1* 1.4±0.1* 1.3±0.1* 1.3±0.1* 1.5±0.1* 1.6±0.1* 1.2±0.1* 1.1±0.1 1.1±0.1 1.1±0.1 1.0±0.1 1.0±0.2 

Table 6. Fetal arterial pH, blood gases, glucose, and lactate levels, before, during and after umbilical cord occlusion. S: saline+occlusion; V: vehicle+occlusion; M: melatonin+occlusion. Data are mean±SEM. #P<0.05 compared to S. 

§compared to V, by Tukey test. *compared to baseline. O2ct: arterial blood oxygen content. Hct: haematocrit 
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  Median IQ range 

Seizure period  S 1004 (612-2059) 

(min) V 2297 (1023-2488) 

 M 2624 (1219-3748) 

    

Onset after occlusion S 354 (329-403) 

(min) V 497 (417-636) 

 M 1092 (408-2043)# 

    

Total duration S 4419 (3507-6062) 

(s) V 1349 (305-2461)# 

 M 1932 (1286-4295) 

    

Total number S 58 (43-80) 

 V 20 (9-40)# 

 M 27 (24-88) 

    

Median duration S 67 (56-86) 

(s) V 60 (37-71) 

 M 64 (52-85) 

    

Median power S 170 (157-211) 

(µV) V 145 (128-170) 

 M 167 (156-171) 

Table 7. (ST) Characteristics of fetal post-asphyxial seizures. M: melatonin+occlusion; 

V: vehicle+occlusion; S: saline+occlusion. IQ: interquartile. #P<0.05 compared to 

saline+occlusion, Mann-Whitney U test. 
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  Baseline +6h +24h +48h +72h +96h +120h +144h +168h 

Sodium S 143.2±1.1 143.8±0.8 142.3±0.6 143.5±1.9 141.3±2.3 144.2±2.0 144.2±1.8 144.6±0.7 143.2±1.1 

(mmol.L-1) V 139.7±0.6# 143.6±0.8* 138.7±0.6# 138.1±0.5#* 138.7±0.9 138.9±1.0 140.0±0.6 140.5±1.1# 141.3±0.8 

 M 143.1±1.1§ 144.4±1.1 138.3±0.7#* 138.6±0.5#* 140.1±0.6 139.3±0.8* 139.7±0.7# 141.7±0.3# 138.3±2.6 

           

Sodium-corrected S 138.6±1.2 139.6±0.9 138.6±0.7 140.2±2.2 135.7±2.4 142.3±1.3 139.3±3.2 141.0±1.0 139.2±1.1 

(mmol.L-1) V 135.7±0.6# 139.7±0.8* 134.8±0.5# 134.0±0.6# 134.4±1.0 134.8±1.1# 135.4±0.6 136.5±1.1# 137.4±0.8 

 M 139.4±1.1§ 140.6±1.2 134.4±0.8#* 134.6±0.5#* 136.3±0.7 135.4±0.9#* 136.0±1.0 137.8±0.4# 134.0±3.1 

  

Potassium S 3.8±0.2 4.0±0.2* 4.0±0.2 4.1±0.2 4.0±0.1 3.8±0.1 3.8±0.2 3.7±0.2 3.9±0.1 

(mmol.L-1) V 3.4±0.1 3.8±0.1* 4.2±0.2* 3.8±0.1* 3.8±0.1* 3.6±0.1 3.6±0.1 3.6±0.1 3.7±0.1 

 M 3.7±0.2 4.0±0.1 4.4±0.1* 3.6±0.4 4.0±0.1 3.9±0.1 3.8±0.1 3.8±0.1 4.1±0.3 

 

Chloride S 106.0±1.0 103.8±0.7* 105.7±1.1 107.3±2.0 105.3±1.3 108.4±2.0 109.4±1.7 109.2±1.5* 108.5±1.3 

(mmol.L-1) V 104.2±0.8 104.3±1.2 102.7±0.9 103.2±0.7 103.3±0.9 104.3±1.1 105.1±0.9# 105.5±1.5 106.3±0.6* 

 M 104.4±0.8 101.6±1.0 100.3±1.2#* 102.9±1.1 104.9±0.7 104.3±0.8 105.3±0.8 106.7±1.0 103.3±2.0 

 

Albumin S 16.0±1.2 15.3±0.7 14.7±0.9 13.8±1.2* 13.0±1.1* 14.2±1.2 13.6±0.9* 14.2±1.0 15.5±0.5 

(g.L-1) V 15.9±0.7 16.4±0.7 16.1±0.7 15.1±0.7 16.7±1.1# 16.4±0.8 16.7±1.0 15.8±0.6 16.1±0.7 

 M 15.9±0.4 16.3±0.6 16.1±0.3 14.9±0.3* 14.7±0.5 14.7±0.6 15.0±0.6 15.5±1.6 16.2±1.6 

 

Total Protein S 28.7±1.5 28.0±0.9 28.3±1.2 27.5±1.6* 26.5±2.4 27.6±1.4 26.8±1.5 27.4±1.6 29.2±0.8 

(g.L-1) V 29.6±0.8 30.7±0.9 30.6±1.0 30.0±1.5 33.3±3.7 32.6±2.9 32.2±2.8 30.2±1.0 30.9±1.2 

 M 32.0±1.1 31.9±1.4 31.6±1.0 28.9±1.1 29.1±1.4 29.9±1.8 31.2±3.6 34.2±6.2 35.2±6.4 

 

Globulin S 13.0±0.5 12.8±0.4 14.2±0.5 14.2±1.0 14.0±0.6 13.0±0.6 14.0±0.6 14.0±1.5 13.7±0.8 

(g.L-1) V 13.7±0.3 14.2±0.3 14.4±0.4 15.1±1.0 17.3±3.2 16.1±2.2 16.0±2.3 14.3±0.6 14.7±1.0 

 M 16.1±1.0#§ 15.6±1.1 15.4±0.8 14.0±0.8 14.4±1.1 15.1±1.3 16.2±3.0 18.7±4.7 19.0±4.8 

  

Total Bilirubin S 8.8±0.9 8.8±0.5 8.5±1.0 8.2±0.8 9.0±0.9 9.2±1.3 8.6±1.4 8.6±1.5 9.5±1.6 

(µmol.L-1) V 10.7±1.1 11.4±1.5 12.3±1.8 9.9±1.3 11.6±2.2 10.8±1.4 10.0±1.4 9.5±1.7 10.9±1.3 

 M 13.1±2.1 13.6±2.7 15.3±3.2 9.1±1.5* 10.0±1.7* 10.3±2.6* 10.2±2.9* 11.8±4.2 13.0±4.6 

  

GGT S 11.5±1.4 11.8±1.8 14.3±1.7* 14.0±1.6* 11.0±2.5 11.0±2.3 12.2±1.5* 11.6±1.9 12.0±2.3 

(U.L-1) V 13.2±0.8 14.9±1.1 16.1±1.2* 16.8±1.9* 19.0±4.1 19.1±3.0 18.4±3.2 15.3±2.0 15.7±1.2* 

 M 21.0±4.1 24.1±4.8 25.3±4.1#§* 21.7±4.0 22.4±3.9 22.0±4.8 24.5±6.6 25.8±7.8 25.3±7.4 

 

ALP S 99.7±17.4 96.2±15.7 92.8±16.3 77.7±12.0 67.8±15.2 67.6±9.7 69.4±10.1 72.0±11.9* 82.7±11.9 

(U.L-1) V 114.2±12.5 120.3±12.9 108.7±12.3 100.0±10.7 73.6±7.9* 84.0±9.7* 85.3±9.2* 95.8±10.0* 92.0±9.0* 

 M 123.8±15.0 133.5±20.2 118.3±17.5 91.9±13.3* 72.0±9.5* 67.7±9.5* 69.2±10.2* 72.7±12.3* 80.2±12.8* 

 

AST S 22.7±4.9 21.8±3.6 19.3±2.5 19.2±2.3 20.3±3.3 21.0±2.6 16.8±2.1 14.4±2.3 15.0±1.8 

(U.L-1) V 13.3±1.2# 16.8±1.4 16.3±1.0 19.6±1.4 22.9±3.4 20.6±2.0 17.7±1.7 13.8±1.4 12.7±1.0 

 M 15.3±1.1 17.6±1.4 17.7±0.9 16.6±1.2 18.9±1.6 19.3±1.7 17.7±2.5 18.8±4.6 16.5±3.9 
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ALT S 6.2±0.8 5.7±0.7 5.2±0.2 5.0±0.0 5.0±0.0 5.0±0.0 5.0±0.0 5.0±0.0 5.0±0.0 

(U.L-1) V 5.0±0.9 6.0±1.0 5.7±0.7 6.0±1.0 7.0±1.0 7.0±1.0 6.0±1.0 NS NS 

 M 7.0±1.5 5.5±0.5 5.0±0.0 5.0±0.0 5.0±S NS 6.0±s 6.5±0.5 8.5±3.5 

 

Free T4 S 20.0±1.7 20.6±2.7 21.3±1.1 23.5±1.9* 21.3±0.3 23.8±2.0* 26.0±2.9* 27.4±2.8* 30.8±2.9* 

(pmol.L-1) V 22.2±0.6 22.7±1.7 25.6±0.9#* 24.4±0.6* 26.3±1.1* 28.4±1.3* 29.9±1.8* 29.7±1.5* 31.3±2.1* 

 M 20.7±1.7 19.6±1.3 25.3±1.0# 23.7±0.9 29.1±1.8#* 29.9±1.4#* 30.5±1.5* 31.3±3.1* 29.4±0.9* 

 

Free T3 S 1.2±0.2 1.1±0.1* 1.0±0.1 1.1±0.1 1.3±0.2 1.2±0.2 1.3±0.1 1.2±0.1 1.1±0.2 

(pmol.L-1) V 1.3±0.1 1.3±0.1* 1.3±0.1 1.1±0.2 1.2±0.2 1.3±0.2 1.3±0.1 1.4±0.1 1.4±0.1 

 M 1.3±0.1 1.2±0.1 1.0±0.1* 1.2±0.1 1.4±0.1 1.3±0.1 1.3±0.1 1.5±0.2 1.3±0.1 

 

T.S.H. S 0.01±0.00 0.01±0.00 0.01±0.00 0.01±0.00 0.01±0.00 0.01±0.00 0.01±0.00 0.01±0.00 0.01±0.00 

(mU.L-1) V 0.01±0.00 0.01±0.00 0.01±0.00 0.01±0.00 NS 0.01±s 0.01±0.00 0.01±0.00 0.01±0.00 

 M 0.01±0.00 0.01±0.00 0.01±0.00 0.01±0.00 0.01±0.00 0.01±0.00 0.01±0.00 0.01±0.00 0.01±0.00 

Table 8. (ST) Fetal biochemistry before and after asphyxia. M: melatonin+occlusion; V: vehicle+occlusion; S: saline+occlusion. #P<0.05 compared to S. §compared to V, Tukeys comparisons. *compared to baseline  NS: no sample; S: 

single sample only. Data tested by ANOVA with post-hoc Tukey’s pairwise comparisons. Where there were baseline differences, ANCOVA with LSD post-hoc tests were performed. Data are mean±SEM. 
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  Baseline +6h +24h +168h 

White cell count S 1.9±0.3 4.0±1.0* 2.8±0.3* 1.8±0.3 

(x109.L-1) V 2.4±0.3 2.9±0.5 4.1±0.5* 2.0±0.3 

 M 2.1±0.7 2.1±0.4 3.8±1.0* 1.7±0.1 

 

Red cell count S 5.6±0.3 5.7±0.3 5.3±0.3 5.9±0.3 

(x1012.L-1) V 5.4±0.3 5.9±0.3* 6.0±0.3* 5.9±0.6 

 M 5.8±0.2 6.3±0.3* 6.5±0.3* 7.2±1.8 

 

Neutrophil S 0.6±0.3 1.4±0.6* 1.1±0.3 0.4±0.1 

(x109.L-1) V 0.7±0.1 1.0±0.3 1.9±0.4* 0.3±0.1 

 M 0.5±0.2 0.9±0.2 2.1±0.7* 0.5±0.1 

 

Basophil S 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 

(x109.L-1) V 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 

 M 0.00±0.00 0.39±0.39 0.00±0.00 0.00±0.00 

 

Eosinophil S 0.02±0.02 0.02±0.02 0.03±0.03 0.12±0.03 

(x109.L-1) V 0.01±0.01 0.02±0.01 0.08±0.02* 0.09±0.02* 

 M 0.01±0.01 0.01±0.01 0.02±0.01 0.04±0.02 

 

Monocyte S 0.06±0.04 0.20±0.05* 0.10±0.00 0.02±0.02 

(x109.L-1) V 0.14±0.03 0.20±0.06 0.34±0.08* 0.16±0.08 

 M 0.33±0.13 0.21±0.06 0.20±0.04 0.12±0.04 

 

Lymphocyte S 1.2±0.1 2.3±0.4* 1.6±0.2* 1.3±0.2 

(x109.L-1) V 1.6±0.2 1.7±0.3 1.9±0.3 1.5±0.2 

 M 1.3±0.4 1.1±0.2 1.5±0.3 1.0±0.1 

Table 9. (ST) Fetal haematology profile before and after asphyxia. M: 

melatonin+occlusion; V: vehicle+occlusion; S: saline+occlusion. #P<0.05 compared to 

S. §compared to V, Tukeys comparisons. *compared to baseline.  
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Groups Body (g) 

Heart 

(g) Lungs (g) Liver (g) 

Kidney 

(g) 

Adrenal 

(g) 

Spleen 

(g) Brain (g) 

Relative brain weight 

(%) 

Sham 1888±126 15.9±1.3 57.7±5.0 78.3±6.0 7.7±0.3 0.14±0.01 3.7±0.4 33.6±0.5 1.8±0.1 

S 2039±127 13.7±0.9 37.3±4.0# 90.3±7.1 7.1±0.4 0.13±0.01 3.1±0.2 28.5±1.1# 1.4±0.1# 

V 2090±123 15.4±0.8 31.2±2.5# 85.5±4.0 7.3±0.6 0.15±0.01 3.3±0.5 28.6±1.1# 1.4±0.1 

M 2071±198 16.2±1.3 40.9±7.6 102.5±8.2 7.9±0.8 0.17±0.02 3.3±0.5 30.9±0.7 1.6±0.2 

Table 10. Fetal post-mortem measurements Sham: sham controls; M: melatonin+occlusion; V: vehicle+occlusion; S: saline+occlusion. Relative brain 

weight: brain weight /body weight x100. #p<0.05 compared to sham control. Data are mean±SEM.  
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Chapter 7. Partial neuroprotection by nNOS inhibition 

during profound asphyxia in preterm fetal sheep 
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Processes Institute, and Center for Molecular Innovation and Drug Discovery, 
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7.1.  Preface 

Following on from Chapter 5 we next tested a novel selective inhibitor of nitric oxide 

synthase. Increased NO production during or after HI is thought to contribute to lipid 

peroxidation and cell organelle injury, including to the mitochondria. Broad inhibition of 

all NOS isoforms is undesirable as this could reduce perfusion. This is an unaltered 

version of the manuscript published in Exp Neurol. 2013 Dec;250:282-92.   
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7.2.  Abstract 

Preterm brain injury is partly associated with hypoxia-ischemia starting before birth. 

Excessive nitric oxide production during HI may cause nitrosative stress, leading to cell 

membrane and mitochondrial damage. We therefore tested the hypothesis that therapy 

with a new, selective neuronal nitric oxide synthase (nNOS) inhibitor, JI-10 (0.022 mg/kg 

bolus, n=8), given 30 min before 25 min of complete umbilical cord occlusion was 

protective in preterm fetal sheep at 101-104 d gestation (term is 147 d), compared to saline 

(n=8). JI-10 had no effect on fetal blood pressure, heart rate, carotid and femoral blood 

flow, total EEG power, nuchal activity, temperature or intracerebral oxygenation on near-

infrared spectroscopy during or after occlusion. JI-10 was associated with later onset of 

post-asphyxial seizures compared with saline (p<0.05), and attenuation of the subsequent 

progressive loss of cytochrome oxidase (p<0.05). After 7 days recovery, JI-10 was 

associated with improved neuronal survival in the caudate nucleus (p<0.05), but not the 

putamen or hippocampus, and more CNPase positive oligodendrocytes in the 

periventricular white matter (p<0.05). In conclusion, prophylactic nNOS inhibition 

before profound asphyxia was associated with delayed onset of seizures, slower decline 

of cytochrome oxidase and partial white and grey matter protection, consistent with 

protection of mitochondrial function. 

  



Chapter 7 – Neuroprotection with JI-10 

 

211 

 

7.3.  Introduction 

Cerebral palsy (CP) of perinatal origin remains a major problem (Committee on 

Understanding Premature Birth and Assuring Healthy Outcomes, 2007b). There is 

increasing evidence that it results from antenatal hypoxia-ischemia (HI) in about 70-80 

% of the cases (Graham et al., 2008), particularly around premature birth (Robertson et 

al., 2007). Numerous preclinical studies have implicated reactive oxygen species in the 

pathogenesis of preterm brain injury. NO• generation by nNOS is increased during and 

after HI (Wei et al., 1999a). Reaction of NO• with superoxide in the cytosol and 

mitochondria produces peroxynitrite and other reactive nitrogen species that are 

associated with cell membrane, organelle and mitochondrial damage (Tan et al., 1999). 

Combined inhibition of nNOS and iNOS with 2-iminobiotin (2-IB) in full term piglets 

immediately after severe HI is associated with short-term reduction in neuronal death 

(Peeters-Scholte et al., 2002b). However, others have reported that although 2-IB was 

associated with increased survival with a normal aEEG (Bjorkman et al., 2013), there was 

no improvement in neurobehavioral recovery, caspase-3 activity in thalamus, or 

histological damage, suggesting relatively limited benefit from post-insult treatment. 

Given the importance of intra-insult NO generation, it is possible that prophylactic 

treatment would be needed for optimal effect. 

Supporting this concept, selective nNOS inhibition during prenatal asphyxia was 

associated with reduced CP in rabbit kits (Ji et al., 2009b; Yu et al., 2011). Further, nNOS 

inhibition preserved mitochondrial membrane integrity and function whereas inhibition 

of iNOS was ineffective (Rao et al., 2011b). These promising findings using two previous 
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iterations of nNOS inhibitors suggested further testing of the concept in a translational 

large animal model. 

In the present study, we tested the hypothesis that prophylactic selective inhibition of 

nNOS with a new highly specific inhibitor, JI-10, would be neuroprotective following 

profound asphyxia in 0.7 gestation preterm fetal sheep, when brain development is 

broadly consistent with 28 to 32 weeks gestation in humans, before the development of 

cortical myelination (McIntosh et al., 1979). This is a well characterised paradigm that 

allows long-term, real-time monitoring of many physiological parameters including brain 

activity and temperature, CaBF, heart rate, blood pressure and body movements (Bennet 

et al., 2007c; Drury et al., 2012; Drury et al., 2014). We investigated JI-10 in this study 

given its better bio-availability compared to JI-8 or HJ619 that were tested before in 

rabbits (Ji et al., 2009b; Yu et al., 2011).  
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7.4.  Methods 

All procedures were approved by the Animal Ethics Committee of The University of 

Auckland, following the New Zealand Animal Welfare Act, and the Code of Ethical 

Conduct for animals in research established by the Ministry of Primary Industries, 

Government of New Zealand. 

Twenty-four Romney/Suffolk fetal sheep were operated on at 98-99 days of gestation 

(term = 147 days)3. Food, but not water was withdrawn 18 h before surgery. Ewes were 

given 5 ml of Streptocin (procaine penicillin (250,000 IU) and dihydrostreptomycin (250 

mg/ml); Stockguard Labs Ltd, Hamilton, N.Z.) intramuscularly 30 min prior to the start 

of surgery. Maternal weight was recorded. Anesthesia was induced by i.v. injection of 

propofol (5 mg/kg; AstraZeneca Limited, Auckland, New Zealand), and general 

anesthesia maintained using 2-3% isoflurane in O2. Under anesthesia, a 20 g i.v. catheter 

was placed in a maternal front leg vein and the ewes were placed on a constant infusion 

saline drip to maintain maternal fluid balance. Ewes were ventilated, and the depth of 

anesthesia, maternal heart rate and respiration were constantly monitored by trained 

anesthetic staff.  

As previously described (Bennet et al., 1999), catheters were placed in the left fetal 

femoral artery and vein, right brachial artery and vein, and the amniotic sac. A 3S 

ultrasonic blood flow probe (Transonic Systems Inc., Ithaca, NY, USA) was placed 

                                                 

3 Sham UCO and UCO+saline fetuses same as from Chapter 6. 
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around the left carotid artery to measure CaBF as an index of global cerebral blood flow 

(van Bel et al., 1994; Bennet et al., 1999; Gonzalez et al., 2005), and a 2R probe was 

placed around the femoral artery to measure FBF. EEG electrodes (AS633-5SSF, Cooner 

Wire Co., Chatsworth, CA, USA) were placed on the dura over the parasagittal parietal 

cortex (5 mm and 10 mm anterior to bregma and 5 mm lateral). To measure cortical 

impedance a third pair of electrodes was placed over the dura 5 mm lateral to the EEG 

electrodes. Electrodes were placed to measure nuchal EMG and the fetal 

electrocardiogram (ECG). An inflatable silicone occluder was placed around the 

umbilical cord of all fetuses (In Vivo Metric, Healdsburg, CA, USA). Two small flexible 

fiber optic probes used for the near infrared spectroscopy recordings were placed 

biparietally on the skull 3.0 to 3.5 cm apart, 1.5 cm anterior to bregma, and secured using 

rapid setting dental cement (Rocket Red, Dental Adventures of America, Inc., Anaheim, 

CA, USA). All fetal leads were exteriorized through the maternal flank and a maternal 

long saphenous vein was catheterized to provide access for post-operative care and 

euthanasia. Gentamicin (80 mg, Rousell, Auckland, New Zealand) was administered into 

the amniotic fluid after the uterus was closed.  

Post-operatively all sheep were housed in separate metabolic cages with access to water 

and food ad libitum, together in a temperature-controlled room (16±1 C, humidity 50±10 

%) with a 12 h light/dark cycle. A period of at least 4 days post-operative recovery was 

allowed before experiments commenced, during which time antibiotics were 

administered i.v. to the ewe daily for four days (600 mg benzylpenicillin sodium; Novartis 

Ltd, Auckland, New Zealand, and 80 mg gentamicin). Fetal catheters were maintained 
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patent by continuous infusion of heparinized saline (20 U/ml at 0.15 ml/h) and the 

maternal catheter maintained by daily flushing. JI-10 was dissolved with sterile 0.9% 

saline (0.022 mg/ml) and a total of 0.066 mg was given, to achieve 100x the Ki of 0.0077 

µmol/l shown in previous experiments (Ji et al., 2010), with estimated fetal weight 1.5 

kg, and a circulating fetal blood volume of 120 ml/kg. All containers and syringes for JI-

10 were first rinsed with 10 % bovine serum albumin in sterile saline, after filtering 

through a bacterial filter. 

7.4.1. Recordings  

Fetal MAP (Novatrans II, MX860; Medex Inc., Hilliard, OH, USA), corrected for 

maternal movement by subtraction of amniotic fluid pressure, FHR derived from the 

ECG, CaBF, FBF, EEG, cortical impedance, and EMG were recorded continuously from 

-24 h to 168 h after UCO. The blood pressure signal was collected at 64 Hz and low pass 

filtered at 30 Hz. The nuchal EMG signal was band-pass filtered between 100 Hz and 1 

kHz, the signal was then integrated using a time constant of 1 sec. The analogue fetal 

EEG signal was low pass filtered with the cut-off frequency set with the -3 dB point at 30 

Hz, and digitized at 256 Hz (using analogue to digital cards, National Instruments Corp., 

Austin, TX, USA). The intensity and frequency were derived from the intensity spectrum 

signal between 0.5 and 20 Hz. For data presentation, the total EEG intensity (power) was 

normalized by log transformation (dB, 20 x log (intensity)), and data from left and right 

EEG electrodes were averaged. Power in the delta (0-3.9 Hz), theta (4-7.9 Hz), alpha (8-

12.9 Hz), and beta (13-22 Hz) spectral bands was calculated, as previously described 

(Keogh et al., 2012a). 
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7.4.2. Near-infrared spectroscopy measurements  

Concentration changes in fetal cerebral deoxyhemoglobin ([Hb]), oxyhemoglobin 

([HbO2]) and oxidized cytochrome oxidase (CytOx) were measured using a NIR 500 

spectrophotometer (Hamamatsu Photonics KK, Hamamatsu City, Japan) and data 

recorded by computer for off-line analysis (Drury et al., 2012). The NIRS measures are 

relative changes from zero. Two key parameters were calculated: total hemoglobin 

([THb]): the sum of [HbO2] and [Hb], and delta Hb ([DHb]: the difference between 

[HbO2] and [Hb]).  THb is related to CBV by the cerebral hematocrit: CBV = [THb]/(Hct 

X R) where Hct is the arterial hematocrit and R is the cerebral-to-large vessel hematocrit 

ratio, assumed to be 0.69 (Wyatt et al., 1990). THb is as an index of CBV given a stable 

blood hemoglobin and hematocrit (van Bel et al., 1993). DHb is a measure of relative 

cerebral intravascular oxygenation (Brun et al., 1997). 

7.4.3. Experimental protocol 

Experiments were conducted at 103-104 days gestation. Fetuses were randomly assigned 

to JI-10+occlusion (n = 8) or saline+occlusion (n = 8). Sham occlusion fetuses received 

no occlusion (n = 8). JI-10 dissolved in normal saline was administered to the fetal 

brachial vein 15 min prior to UCO as a 3 ml dose of 0.022 mg/ml, over 10 min; 

saline+occlusion fetuses received the same volume of saline. 

Fetal asphyxia was induced by rapid inflation of the umbilical cord occluder for 25 min 

with sterile saline of a defined volume known to completely inflate the occluder. 

Successful occlusion was confirmed by observation of a rapid onset of bradycardia, and 
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by pH and blood gas measurements. The duration of occlusion was chosen as one that we 

have previously reported to represent an acute, severe, near-terminal insult but which 

could be survived without post-asphyxial cardiac support, and is associated with severe 

subcortical neuronal loss (Bennet et al., 2007c).  All occlusions or sham occlusions were 

undertaken around 0900 h. 

Fetal arterial blood was taken at 30 min prior to occlusion, 5 and 17 min during asphyxia, 

and then 10 min, 1, 2, 4, 6, 24, 48, 72, 96, 120, 144, and 168 h post-asphyxia for pH and 

blood gas determination (Ciba-Corning Diagnostics 845 blood gas analyzer and co-

oximeter, MA., USA) and for glucose and lactate measurements (YSI model 2300, 

Yellow Springs, Ohio, USA). Samples at -30 min prior to occlusion, at + 6 h, and then 

daily samples from the day after occlusion at 0900 were taken for plasma cortisol, ACTH 

and nitrite concentration determination, and for electrolyte, liver enzymes and synthetic 

function, and full blood count analysis (LabPlus, Auckland City Hospital, and Gribbles 

Veterinary Pathology, Auckland for full blood count). 

Ewes and fetuses were killed 7 days after occlusion by intravenous overdose of 

pentobarbitone sodium (9 g) to the ewe (Pentobarb 300; Chemstock International, 

Christchurch, New Zealand). At post-mortem, fetuses were examined for the presence of 

ascites, defined as easy aspiration of > 5 mL peritoneal fluid. Sub-cutaneous edema was 

measured over the fetal shoulders, flank, and abdomen with calipers. 
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7.4.4. Hormone assays 

Cortisol levels were measured by a liquid chromatography-tandem mass spectrometry 

method. In brief, 200 µL of plasma samples were mixed in a glass tube with 100 µL of 

deuterium labeled internal standard [20 ng/mL cortisol-d4 (Cambridge Isotope 

Laboratory, MA, USA) in water]. 1 mL of ethyl acetate (Merck KGaA, Darnstadt, 

Germany) was then added to the tubes and vortexed for 30 s. The samples were then 

centrifuged for 10 min, and the organic phase was collected in collection glass tubes and 

lyophilized with the help of a freeze drier. The extract was re-dissolved in 60 µL of mobile 

phase (72 % methanol and 28 % water) and transferred to 200 µL PVC inserts in HPLC 

vials. A total of 12 µl of sample was injected to the auto sampler. The HPLC system 

(Alliance 2690; Waters Corp., Milford, MA) was interfaced to a triple quadrupole mass 

spectrometer (Finnigan TSQ Quantum Ultra AM, Thermo Electron Corp, San Jose, CA). 

The parent-to-daughter ion transition for cortisol was 363.2-122.2 at 28 V and for cortisol-

d4 it was 367.2 – 121.2. The retention time was 3.1 min for cortisol and cortisol-d4. The 

data were analyzed using Finnigan Excalibur software (Thermo Electron Corp). Mean 

inter and intra assay CV values for cortisol were 5.8 and 6.0 %, respectively.  

ACTH levels in the plasma samples were measured in duplicate using a 125I RIA kit 

(24130, DiaSorin, Stillwater, MN) validated for ovine maternal and fetal plasma. The 

intra-assay coefficient of variation was 9.7 % and the inter-assay coefficient was 12.8 %. 

The mean ACTH assay sensitivity was 9.7 pg/mL and samples showing less than this 

value were assigned this value for analysis. 



Chapter 7 – Neuroprotection with JI-10 

 

219 

 

For plasma nitrite levels 300 µl of plasma was deproteinised by addition of an equal 

volume of methanol followed by vortexing and centrifugation for 10 min at 14,000 rcf. 

The supernatant was then injected into a purge vessel containing acidified triiodide 

solution to reduce nitrite to NO as previously described (Blood & Power, 2007).  The 

triiodide was sparged with a stream of argon gas, which carried the resulting NO gas into 

a chemiluminescence analyzer (Sievers 280i NO Analyzer, GE Analytical Instruments, 

Boulder, CO, USA).  Nitrite concentrations were quantified by comparison with 

injections of known nitrite standards. The assay enables quantification of nitrite 

concentrations above 10 nM with a precision of ± 5 nM, and does not detect nitrate at 

concentrations below 1 mM. 

7.4.5. Histopathology 

At post-mortem, 7 days after occlusion, the fetal brains were perfusion fixed with 10 % 

phosphate-buffered formalin. Slices (10 µm thick) were cut using a microtome (Leica 

Jung RM2035). Slides were dewaxed in xylene and rehydrated in decreasing 

concentrations of ethanol. Slides were washed in 0.1 mol/L phosphate buffered saline 

(PBS). Antigen retrieval was performed using the citrate buffer boil method and 

endogenous peroxidase quenching was performed by incubation in 1 % H2O2 in methanol 

for NeuN, Iba-1, CNPase, and Ki-67 and in PBS for Olig-2. Blocking was performed in 

3 % normal horse serum (NHS) for NeuN and Iba-1 and normal goat serum (NGS) for 

Olig-2, CNPase and Ki-67 for 1 h at room temperature. Sections were labeled with 1:400 

mouse NeuN (Chemicon International, Temecula, CA, USA ) 1:400 Olig-2 (Chemicon 

International, Olig-2, a marker for oligodendrocytes at all stages of the lineage 
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(Jakovcevski et al., 2009)), 1:200 ki-67 (Dako, Aus), 1:200 goat anti-Iba-1 (Abcam) and 

1:200 mouse anti-CNPase (Abcam) overnight at 4 °C. Sections were incubated in biotin-

conjugated secondary 1:200 horse anti-mouse (NeuN) or 1:200 goat anti-rabbit IgG 

(Vector Laboratories, Burlingame, USA) in 3.5% NHS for 2 h at room temperature. Slides 

were then incubated in ExtrAvidin® (1:200, Sigma-Aldrich Pty. Ltd.) in PBS for 2 h at 

room temperature and then allowed to react in diaminobenzidine tetrachloride (DAB) 

(Sigma-Aldrich Pty. Ltd.). The reaction was stopped by washing in dH2O, the sections 

dehydrated and mounted. For fluorescent double labeling, dewaxing, rehydrating and 

antigen retrieval was performed as described above. Sections were blocked in 3% NGS 

for 1 h at room temperature. Sections were incubated with 1:400 rabbit anti-Olig-2 and 

1:200 mouse anti-Ki-67 in 3% NGS at 4° C overnight. Sections were washed in PBS and 

incubated with 1:200 biotinylated goat anti-mouse IgG (Vector Laboratories) for 3 h at 

room temperature. Sections were washed and incubated with 1:200 streptavidin Alexa 

488 and 1:200 donkey anti-rabbit Alexa 568. 

Brain regions of the forebrain used for analysis included the mid-striatum (comprising 

the caudate nucleus and putamen) and the frontal subcortical white matter (comprising 

the intragyral, IGWM, and periventricular, PVWM, regions) on sections taken 23 mm 

anterior to stereotaxic zero. The cornu ammonis (CA) of the dorsal horn of the anterior 

hippocampus (divided into CA1/2, CA3, CA4, and dentate gyrus (DG)) were assessed on 

sections taken 17 mm anterior to stereotaxic zero. Neuronal (NeuN), oligodendrocyte 

(Olig-2, CNPase) and microglial (Iba-1) changes, and proliferation (Ki-67) were scored 

on stained sections by light microscopy at x40 magnification on a Nikon 80i microscope 
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and NIS Elements Br 4.0 software (Nikon Instruments Inc., Melville, N.Y., U.S.A.) using 

seven fields in the striatum (four in caudate nucleus, three in putamen), two fields in the 

white matter (one intragyral, one periventricular), and one field in each of the 

hippocampal divisions as previously described (Dean et al., 2006b). Total microglia were 

counted as all cells with Iba-1 immunostaining. For assessment of activated microglia 

Iba-1 cells showing an amoeboid morphology with no cell processes were counted. For 

each animal, average scores across both hemispheres from two sections were calculated 

for each region. Counts were made by an assessor blinded to the treatment groups. 

7.4.6. Data analysis 

Off-line analysis of the physiological data was performed using customized Labview 

programs. The raw EEG was assessed for epileptiform activity. Seizures were identified 

visually and defined as the concurrent appearance of sudden, repetitive, evolving 

stereotyped waveforms in the EEG signal lasting more than 10 sec and of an amplitude 

greater than 20 μV (Scher et al., 1993b). 

Data were analyzed using SPSS 15.0 for Windows (SPSS, Chicago, Il, USA) and JMP 

8.0 (SAS Institute, Cary, North Carolina, USA). For analysis of recovery data after 

occlusion (from 1 to 168 h post-occlusion) the baseline period was taken as the mean of 

the 24 h before occlusion. For between group comparisons two-way analysis of variance 

(ANOVA) for repeated measures was performed. When statistical significance was found 

between groups for repeated measures ANOVA in JMP post-hoc contrast tests were used 

between groups. Where significance was found between group and time for repeated 

measures, or over time by one-way ANOVA, Tukey’s pairwise comparisons were used 
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to compare selected time points. For blood gas, electrolyte, LFT, hormonal, and 

histological data ANOVA was performed, and where significance was found, followed 

by post-hoc Tukey’s pairwise comparisons. Where baseline differences were found, 

analysis of covariance was performed on subsequent results with least-squares difference 

post-hoc tests as appropriate. Non-parametric Mann-Whitney U-tests were used where 

appropriate. Fishers’ Exact test was used to compare the presence of ascites. Statistical 

significance was accepted as p < 0.05. Data are presented as mean ± SEM unless 

otherwise stated.  
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7.5.  Results 

7.5.1. Baseline and umbilical cord occlusion 

Baseline blood gases, acid-base status and glucose-lactate values were not different 

between groups (Table 11). UCO was associated with marked fetal hypoxia, hypercarbia, 

and acidosis (Table 11), bradycardia, hypotension, peripheral vasoconstriction, cerebral 

hypoperfusion, EEG suppression, increased cortical impedance, with a profound 

reduction in HbO2 and reciprocally increased Hb on NIRS measurement (Figure 37).  

The pH and oxygen content were significantly lower in the JI-10+occlusion group at +10 

min after occlusion (p < 0.05). There were no other cardiovascular, neurophysiological 

or biochemical differences between groups during or in the immediate post-occlusion 

period. CaBF showed a statistically borderline reduction in the JI-10+occlusion group 

from 2 to 3 h compared to saline+occlusion (p = 0.05). 
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Figure 37. Mean arterial blood pressure (MAP), fetal heart rate (FHR), carotid artery 

blood flow (CaBF) and conductance (CVC), femoral artery blood flow (FBF) and 

conductance (FVC), EEG amplitude, and NIRS derived total haemoglobin (THb), 

deltaHb (DHb) and cytochrome oxidase (CytOx) during baseline, 25 min complete 

umbilical cord occlusion (shaded) and up 155 min recovery. Time zero is the onset of 

occlusion. Data are minute mean±SEM. 
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7.5.2. Recovery 

EEG power was suppressed for more than 36 h in both groups, with similar loss of high 

frequency activity in both groups, before progressively recovering to baseline values by 

approximately 96 h. Electrographic seizures developed median (interquartile range) 354 

(329-403) min after saline+occlusion, with a marked further delay after JI-10+occlusion 

(588 (453-895) min, p < 0.05, Figure 40). Consistent with reduced seizures, JI-

10+occlusion was associated with transiently reduced low frequency power in this 

interval (delta band at 6 and 7 h, theta band at 7 h and alpha band at 10-12 h, Figure 40, 

p<0.05) and a transient reduction in nuchal EMG activity from 39–48 h (Figure 38, 

p<0.05). However, there was no significant difference in number, duration, or peak 

amplitude of individual seizures. 

There were no significant differences between groups for MAP, FHR, extra-dural 

temperature, CaBF, CVC, FBF, FVC, or impedance (Figure 38 and Figure 39). 
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Figure 38. (SF) Mean arterial blood pressure (MAP), fetal heart rate (FHR), EEG 

power, nuchal electromyographic activity (EMG), carotid blood flow (CaBF), carotid 

artery vascular conductance (CVC), femoral blood flow (FBF), and femoral artery 

vascular conductance (FVC) at baseline and during 7 d recovery. Compared with 

repeated measures ANOVA and post-hoc Tukeys pairwise comparisons where 

significance found.  
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Figure 39. (SF) Cortical impedance, spectral edge, and extradural temperature at 

baseline and for 7 d recovery. Data are hourly mean±SEM. 
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7.5.3. Near-infrared spectroscopy 

After occlusion, there was rapid recovery of intracerebral oxygenation. Approximately 2 

h after recovery, there was marked, persistent reduction in THb in both groups, 

accompanied by a transient reduction in DHb, suggesting a period of relative 

hypoperfusion. This was followed by a marked, persistent secondary increase from 6 h 

consistent with relative hyperperfusion that was not different between groups. The JI-10 

group showed a statistically borderline reduction in both THb (p = 0.05; significant from 

1 to 6 h) and HbO2 during recovery compared to saline (p = 0.05; Figure 37).  

CytOx recovered rapidly after occlusion in both groups. JI-10+occlusion was associated 

with a transient increase in the first few hours compared to the saline+occlusion, which 

was significant after 3 h. In both groups CytOx then progressive fell below baseline 

values. This fall was slower after JI-10+occlusion (Figure 37, p < 0.05) and overall, 

CytOx values were higher throughout the 72 h recovery after JI-10+occlusion compared 

to saline+occlusion (p<0.05).  
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Figure 40. Delta power, theta power, and seizures per hour on the left panel. Near-

infrared spectroscopy defined deltaHb (DHb), total haemoglobin (THb) and 

cytochrome oxidase (CytOx) changes at baseline and during 72 h of recovery. Data are 

mean±SEM and compared with repeated measures ANOVA, and are median+3rd 

quartile for seizure data and compared with Mann-Whitney U-test. * = significant 

difference between groups, p<0.05. 
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7.5.4. Biochemistry 

The profound mixed respiratory and metabolic acidosis associated with occlusion 

progressively resolved after occlusion in both groups (Table 11, p < 0.05). There were 

only minor differences in any measured value between groups over the 7 days recovery 

(Table 11 and Table 12). 

Plasma nitrite values were not significantly different between groups at any time. Plasma 

nitrite was significantly higher than baseline in the JI-10+occlusion group at 5 min and 

17 min during occlusion, and at +10 min after occlusion (Table 11, p < 0.05), whereas 

the vehicle-occlusion group was never significantly different from baseline at any point. 

Plasma ACTH and cortisol increased after occlusion, with similar elevations at +6 h and 

+24 h in both groups (Table 12). 

7.5.5. Post-mortem  

Body weight was significantly greater in the JI-10+occlusion group compared to sham 

occlusion (Table 13, p < 0.05), and adrenal weight was significantly greater after JI-

10+occlusion compared to saline+occlusion (p < 0.05). Ascites and edema were not seen 

in sham-occluded fetuses. Frank intrapleural ascites was seen in 5/8 fetuses in the JI-

10+occlusion group compared to 2/8 in the saline+occlusion group (p = 0.3). Sub-

cutaneous edema was 8 (5-10, median (range)) mm in the JI-10+occlusion group 

compared to 2 (0-4) mm in the saline+occlusion group (p <0 .05). Flank sub-cutaneous 

edema was 8 (0-15) mm in the JI-10 group and 1 (0-6) mm in the saline group. Abdominal 
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sub-cutaneous edema was 5 (0-13) mm in the JI-10 group and 0 (0-10) mm in the saline 

group. 

7.5.6. Histopathology 

Occlusion was associated with marked (NeuN positive) neuronal loss in the basal ganglia 

and the CA1-2 and CA2 regions of the hippocampus compared to sham controls (Figure 

41, p < 0.05). JI-10+occlusion was associated with significantly greater neuronal survival 

in the caudate nucleus, but no effect in the putamen or hippocampal regions.  

There was no effect of occlusion or JI-10 on numbers of Olig-2 positive cells in the white 

matter tracts (Figure 43), whereas there was a marked reduction in numbers of staining 

for CNPase positive (immature/mature) oligodendrocytes after saline+occlusion. JI-10 

was associated with a significant increase in CNPase positive cells in PVWM but not the 

IGWM compared to sham occlusion (p < 0.05). There was a similar increase in Ki-67 

positive proliferating cells and Iba-1 positive microglia in the IGWM and PVWM in both 

occlusion groups (p < 0.05). Ki-67 immunofluorescent cells frequently co-localized with 

Olig-2 (Figure 45). 
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Figure 41. NeuN cell counts after 7 d recovery. CA: cornu ammonis region; DG: dentate 

gyrus. Data are mean±SEM and compared with one-way ANOVA with post-hoc Tukeys 

pairwise comparisons. (# = significant difference from sham occlusion, p<0.05, * = 

significant difference from saline+occlusion, p<0.05) 
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Figure 42. Photomicrographs showing representative NeuN immunostaining. Scale bar 

is 200 µm. 
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Figure 43. Olig-2, CNPase, Ki-67 and Iba-1 cell counts after 7 d recovery. IGWM: intra-

gyral white matter; PVWM: periventricular white matter. Data are mean±SEM and 

compared with repeated measures ANOVA with post-hoc Tukey’s pairwise 

comparisons. comparisons (# = significant difference from sham occlusion, p<0.05, * = 

significant difference from saline+occlusion, p<0.05). 
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Figure 44. Photomicrographs showing representative Olig-2, CNPase, Ki-67 and Iba-1 

immunostaining. IGWM: intra-gyral white matter; PVWM: periventricular white 

matter. Scale bar is 200 µm. 



Chapter 7 – Neuroprotection with JI-10 

 

239 

 

 

Figure 45. (SF) Double-labelled immunoflourescent staining in intragyral white 
matter (IGWM) and periventricular white matter (PVWM) of Olig-2 (red), and Ki-67 
(green) with merged images. Scale bar is 200 µm.  
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7.6.  Discussion 

The present study demonstrates that in preterm fetal sheep prophylactic selective 

inhibition of nNOS, using JI-10 with a Ki of 8 nM, was associated with a delay in the 

onset of seizures and attenuated secondary mitochondrial failure, with partial neuronal 

and white matter protection after 7 days recovery. Encouragingly, there was no increase 

in mortality after nNOS inhibition. However, there was a statistically borderline reduction 

in fetal THb, a measure of intracerebral hemoglobin content and of carotid blood flow 

that suggests residual nonspecific inhibition of endothelial NOS (eNOS) (Peeters-Scholte 

et al., 2002a). Further, nNOS inhibition was associated with increased fetal weight and 

greater subcutaneous edema, consistent with greater extracellular fluid retention. 

NO rapidly and reversibly inhibits CytOx by binding to the reduced form in competition 

with oxygen (Sarti et al., 2012a). Consistent with this, although JI-10 did not affect CytOx 

during asphyxia, it was associated with a greater rebound increase in oxidized CytOx 3 h 

after occlusion, suggesting reduced inhibition by NO. Previous studies have shown 

reduced nNOS activity immediately after HI, but not at +24 h in rabbit kits following 

bolus doses of a related NOS inhibitor before and after uterine ischaemia (Yu et al., 2011). 

We cannot exclude the possibility that continuing post-insult therapy might have 

increased benefit by maintaining inhibition (Rao et al., 2011b). However, repeated dosing 

with 2-IB until 20 h after HI in the piglet was associated with no significant improvement 

in histological damage (Bjorkman et al., 2013), supporting the general concept that nNOS 

activity primarily contributes to injury in the immediate perinatal insult phase. 
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In the present study JI-10 was associated with attenuation of the progressive loss of CytOx 

after occlusion. The CytOx signal measured by NIRS closely correlates with changes in 

oxidised cytox in the piglet during cyanide induced reduction (Cooper et al., 1999), and 

with loss of oxidative metabolism measured by magnetic resonance spectroscopy after 

hypoxia-ischemia (Cooper, 1999). In many settings, persistent loss of CytOx reflects cell 

loss. For example, the magnitude of the fall is related to improved outcome in human 

infants (van Bel et al., 1993), and greater loss of CytOx during recovery was associated 

with worse injury in piglets after deep hypothermic circulatory arrest (Shum-Tim et al., 

1998). In the current paradigm, the onset of secondary loss of CytOx coincides with the 

onset of seizures (Bennet et al., 2006b). There is some evidence linking neuronal NO 

production to NMDA receptor activation (Ledo et al., 2005), and thus inhibition with JI-

10 may have been associated with reduced excitatory signaling. In near-term fetal sheep, 

infusion of L-nitro-arginine, an inhibitor of all NOS isoforms, from 2-72 h after 30 min 

cerebral ischemia, was not associated with a change in the secondary CytOx decline or a 

delay in seizure onset, but was associated with a longer duration of seizures, and with 

increased neuronal injury, possibly by impairing cerebral perfusion (Marks et al., 1996a). 

Taken as a whole, these studies suggest that prophylactic NOS inhibition is more 

beneficial than post-insult inhibition  

Histologically, treatment before asphyxia with JI-10 was associated with neuronal 

protection in the caudate nucleus but not other grey matter regions, and substantial 

improvement in numbers of immature/mature oligodendrocytes in the PVWM. Given that 

we found no significant cortical injury, it is likely that post-occlusion seizures arise from 
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subcortical regions, and thus the reduced injury of the caudate likely contributed to 

delayed onset of secondary seizures in this study (Gunn & Bennet, 2010b). It is unknown 

why JI-10 did not protect the hippocampal regions; however, the hippocampus is typically 

one of the most vulnerable regions to hypoxia-ischemia (Williams et al., 1992; Keogh et 

al., 2012b). Given that more severe insults typically lead to more rapid evolution of injury 

with less effect of treatment (Sabir et al., 2012), we speculate that greater and more 

rapidly evolving injury in the hippocampus may reduce the potential for benefit from 

nNOS blockade.  

There was no effect of asphyxia or nNOS inhibition on total numbers of oligodendrocytes, 

but a marked increase in Ki-67 immunostaining, which was substantially co-localized 

with Olig-2. Olig-2 is a marker for all cells in the oligodendrocyte lineage; however, the 

exuberant proliferation response to injury is almost entirely mediated by oligodendrocyte 

progenitor cells (Baumann & Pham-Dinh, 2001). We have previously shown that 

asphyxia is associated with marked loss of pre-oligodendrocytes after 3 days recovery 

(Barrett et al., 2012). This combination of findings is consistent with the hypothesis that 

occlusion was associated with early cell loss, followed by restorative proliferation and 

subsequent maturational arrest, consistent with foundational studies from Back and 

colleagues in preterm human infants (Segovia et al., 2008). This suggests that the 

improved recovery of immature/mature oligodendrocytes in the present study reflects 

alleviation of maturation arrest rather than direct cell protection. 

MAP, peripheral blood flow and conductance, and plasma nitrite were not different 

between groups, and the JI-10 group showed only transiently lower pH, 10 min after 
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occlusion, suggesting that JI-10 had minimal systemic effects. There was no effect of JI-

10 on intracerebral oxygenation as measured by DHb, suggesting that there was no effect 

on oxygen delivery, consistent with the apparent safety of less potent nNOS inhibitors in 

the fetal rabbit (Yu et al., 2011).  There was a statistically borderline reduction in THb. 

Given that NIRS primarily interrogates the venous compartment, combined with lack of 

effect on oxygenation, we may infer that JI-10 led to relative veno-constriction. Although 

nitrite levels, which serve as an index of eNOS activity (Kleinbongard et al., 2003), were 

not different between groups, the most likely explanation is a minor degree of nonspecific 

inhibition of eNOS. 

Moreover, at post-mortem there was greater total body weight after JI-10+occlusion. 

Combined with the significant increase in subcutaneous edema, this denotes positive fluid 

balance. Given that there were no differences in plasma electrolytes or protein, it is 

unlikely that this reflects an oncotic effect. Further, fetal heart rate and MAP were not 

altered and CVP was not increased, and so there was no evidence of impaired cardiac 

function. Potentially, for example nNOS inhibition could exacerbate the dramatic fall in 

renal blood flow and urine output that occur after asphyxia (Quaedackers et al., 2004b). 

Although NO does have an important role in an inhibiting sympathetic outflow from the 

paraventricular nucleus (Li et al., 2001), there was no change in renal sympathetic nerve 

activity following NO blockade with L-NAME in rabbits (Ramchandra et al., 2007). 

Alternatively, fetal hypoxia is associated with altered eNOS-dependent relaxation of 

umbilical vessels, with increased eNOS expression in umbilical arteries and reduced 

eNOS in the umbilical veins (Hracsko et al., 2009), regulated at least in part by 
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greater  arginase-2 production in the umbilical venous circulation, reducing eNOS activity 

(Krause et al., 2013). Further studies are needed to assess whether JI-10 could modulate 

these differential responses to hypoxia to alter the net hydrostatic pressure difference 

across the placenta and so promote fetal fluid accumulation (Lumbers et al., 2001).  

In conclusion, the present findings that selective inhibition of nNOS did not compromise 

fetal adaptation during profound asphyxia and was partially protective, suggest that with 

further safety testing, this may be a viable therapeutic strategy for at risk preterm 

deliveries. The observation that nNOS inhibition delayed secondary seizures and 

mitochondrial failure raises the intriguing possibility that this strategy may increase the 

window of opportunity for other complementary neuroprotective strategies, such as the 

free radical antagonist and anti-inflammatory agent, melatonin (Robertson et al., 2013a; 

Drury et al., 2014), and anti-apoptotic therapies such as EPO (Robertson et al., 2012). 
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 Group Baseline 5min 17min +10min +1h +2h +4h +6h +24h +48h +72h +96h +120h +144h +168h 

pH Saline 7.39±0.01 7.03±0.02* 6.84±0.01* 7.16±0.01* 7.30±0.01* 7.35±0.01 7.42±0.01 7.41±0.01 7.38±0.01 7.39±0.01 7.40±0.01 7.41±0.01 7.40±0.00 7.40±0.00 7.39±0.01 

 JI-10 7.38±0.01 7.04±0.01* 6.83±0.01* 7.13±0.01*# 7.28±0.02* 7.33±0.01* 7.39±0.01 7.40±0.01* 7.39±0.01 7.38±0.01 7.39±0.01 7.38±0.01# 7.38±0.00# 7.39±0.01 7.38±0.01 

                           

PCO2 Saline 48.1±0.7 107.0±5.0* 142.1±5.1* 54.6±2.1* 42.5±0.9* 43.7±1.3* 43.0±0.5* 47.3±0.7* 46.9±0.5 47.9±1.1 47.1±0.8 46.3±1.6 47.6±1.5 49.1±1.0 48.6±1.7 

(mmHg) JI-10 53.3±1.1# 107.0±3.0* 151.2±3.8* 62.7±1.7* 46.9±1.3* 45.8±0.8* 48.3±0.9* 51.1±0.9* 49.1±0.8* 50.0±1.3* 45.6±5.9 50.9±1.1 52.0±1.2 52.3±1.3 53.0±0.8 

                           

PO2 Saline 24.7±1.5 6.0±0.9* 6.4±0.7* 33.3±2.0* 30.0±1.9* 25.8±2.2 27.0±2.0 25.9±2.4 27.0±1.7 28.2±1.8* 27.3±1.7 27.8±1.6* 26.0±1.9 26.5±2.0 26.3±2.3 

(mmHg) JI-10 20.7±1.3 5.0±0.7* 7.2±0.9* 29.1±1.6* 25.7±1.8* 22.2±1.8 20.9±1.7# 21.4±1.6 23.3±1.4* 24.1±1.6* 24.0±1.7* 23.3±1.8 22.5±1.5 22.7±1.5 21.1±1.4 

                           

Hb Saline 10.0±0.6 11.3±0.6* 10.4±0.5* 10.4±0.7 9.3±0.6 9.7±0.7 9.4±0.6 9.9±0.6 9.6±0.5 9.3±0.4 9.3±0.4 9.0±0.4 9.2±0.3 9.5±0.4 9.5±0.5 

(g/dL) JI-10 10.0±0.7 11.5±0.5* 10.9±0.7* 10.7±0.6* 10.1±0.5 9.9±0.6 10.3±0.6# 10.6±0.6# 10.3±0.5 9.9±0.4 9.8±0.5 9.8±0.6 9.7±0.6 9.7±0.7 9.8±0.8 

                           

Hct Saline 29.6±1.9 33.2±1.9* 30.5±1.5* 30.7±2.1 27.5±1.7* 28.8±2.1* 27.7±1.6 29.2±1.6 28.2±1.4 27.3±1.1 27.3±1.0 26.3±1.1 27.0±0.9 27.2±1.2 28.3±1.5 

(%) JI-10 29.4±2.0 34.0±1.6* 31.9±1.9* 31.3±1.8* 29.4±1.6 29.1±1.9 30.4±1.8 31.5±1.7* 30.5±1.6 29.3±1.3 29.0±1.5 28.9±1.8 28.8±1.8 28.4±1.9 28.7±2.4 

                           

O2ct Saline 4.0±0.4 0.5±0.0* 0.4±0.0* 4.7±0.1 4.2±0.2 4.1±0.2 4.3±0.2 4.4±0.2 4.4±0.2 4.4±0.3 4.3±0.2 4.2±0.1 4.1±0.2 4.2±0.3 4.1±0.3 

(mmol/L) JI-10 3.3±0.1 0.4±0.1* 0.5±0.0* 4.0±0.1*# 3.9±0.2* 3.4±0.2# 3.5±0.2# 3.9±0.2* 4.1±0.2* 3.9±0.2* 3.9±0.2* 3.8±0.2 3.7±0.2 3.7±0.2 3.5±0.2 

                           

HCO3
- Saline 26.5±0.5 18.2±0.5* 13.4±0.5* 16.7±0.4* 19.6±0.5* 22.8±0.9* 26.5±0.8 28.1±0.9 25.9±0.5 27.3±0.4 27.3±0.6 27.1±0.5 27.1±0.5 27.7±0.5 27.0±0.5 

(mmol/L) JI-10 28.0±0.5 19.0±0.3* 13.9±0.5* 16.5±0.3* 20.0±0.8* 22.2±0.6* 26.6±0.5* 28.8±0.6* 27.1±0.7 26.9±0.5* 27.6±0.2 27.1±0.3 27.8±0.4 28.3±0.2 27.9±0.3 

                           

BE Saline 2.9±0.4 -5.7±0.7* -12.4±0.6* -9.3±0.5* -5.4±0.6* -1.5±1.0* 2.6±0.8 4.5±0.9 2.0±0.6 3.6±0.5 3.5±0.7 3.3±0.7 3.4±0.6 4.0±0.6 3.3±0.7 

(mmol/L) JI-10 4.7±0.5# -4.5±0.4* -11.7±0.5* -9.2±0.4* -4.8±0.9* -1.9±0.6* 3.2±0.4* 5.6±0.6* 3.6±0.8 3.3±0.5* 4.1±0.3 3.6±0.2 4.4±0.5 4.9±0.2 4.7±0.4 

                           

Lactate Saline 1.0±0.2 4.4±0.2* 6.8±0.4* 6.2±0.3* 4.4±0.2* 3.3±0.4* 2.3±0.4* 2.3±0.3* 1.1±0.1 1.0±0.1 1.0±0.1 1.0±0.1 0.9±0.1* 0.9±0.1* 0.9±0.1* 

(mmol/L) JI-10 1.1±0.1 4.4±0.1* 7.2±0.4* 7.1±0.3* 4.8±0.2* 4.0±0.3* 2.6±0.3* 2.4±0.2* 1.9±0.4 1.2±0.1 1.3±0.2 1.3±0.3 1.2±0.1 1.1±0.1 1.1±0.1 

                           

Glucose Saline 1.0±0.1 0.4±0.1* 0.8±0.1 1.8±0.2* 1.3±0.1* 1.4±0.2* 1.3±0.2* 1.5±0.1* 1.2±0.1 1.2±0.1* 1.1±0.1 1.1±0.1 1.1±0.0 1.1±0.1 1.1±0.1 

(mmol/L) JI-10 1.0±0.1 0.3±0.1* 0.6±0.1* 1.6±0.1* 1.3±0.1* 1.3±0.1* 1.3±0.1* 1.5±0.1* 1.5±0.2* 1.1±0.1 1.1±0.1 1.1±0.1* 1.1±0.1 1.0±0.1 2.1±1.1 

                 

Nitrite Saline 0.46±0.07 0.74±0.12 0.57±0.07 0.66±0.08 0.47±0.06 0.50±0.04 0.47±0.05 0.46±0.07 0.43±0.05 0.42±0.05 0.40±0.05 0.43±0.04 0.46±0.07 0.74±0.12 0.57±0.07 

(µmol/L) JI-10 0.43±0.04 0.81±0.10* 0.62±0.06* 0.83±0.07* 0.50±0.06 0.52±0.06 0.47±0.06 0.47±0.07 0.53±0.07 0.54±0.06 0.53±0.07 0.58±0.08 0.43±0.04 0.81±0.10 0.62±0.06 

Table 11. Arterial blood gases, glucose and lactate, and nitrite values at baseline, during 25 min umbilical cord occlusion, and for 7 days recovery. #P<0.05 compared to vehicle. *compared to baseline. Where baseline differences exist 

remaining data compared with ANCOVA. Data are mean±SEM. 
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  Baseline +6h +24h +48h +72h +96h +120h +144h +168h 

Sodium Saline 138.6±1.2 139.6±0.9 138.6±0.7 140.2±2.2 135.7±2.4 142.3±1.3 139.3±3.2 141.0±1.0 139.2±1.1 

(mmol/L) JI-10 140.0±0.7 140.4±0.3 139.3±0.9 141.0±2.2 139.5±0.6 138.7±2.9 140.8±2.6 140.2±0.9 140.0±0.8 

Potassium Saline 3.8±0.2 4.0±0.2* 4.0±0.2 4.1±0.2 4.0±0.1 3.8±0.1 3.8±0.2 3.7±0.2 3.9±0.1 

(mmol/L) JI-10 3.7±0.2 3.7±0.1 3.9±0.2 3.8±0.1 3.9±0.2 3.6±0.2 3.9±0.2 3.9±0.1 3.8±0.1 

Chloride Saline 106.0±1.0 103.8±0.7* 105.7±1.1 107.3±2.0 105.3±1.3 108.4±2.0 109.4±1.7 109.2±1.5* 108.5±1.3 

(mmol/L) JI-10 106.4±0.9 103.8±1.2* 103.8±1.7* 107.4±1.0 105.3±1.3 107.7±2.0 107.0±1.2 107.6±0.8 107.9±0.7 

Albumin Saline 16.0±1.2 15.3±0.7 14.7±0.9 13.8±1.2* 13.0±1.1* 14.2±1.2 13.6±0.9* 14.2±1.0 15.5±0.5 

(g/L) JI-10 15.4±0.6 15.4±0.7 14.4±0.6 13.3±0.7* 12.7±0.7 12.7±0.6* 13.0±0.6* 13.3±0.5* 14.1±0.7 

Total Protein Saline 28.7±1.5 28.0±0.9 28.3±1.2 27.5±1.6* 26.5±2.4 27.6±1.4 26.8±1.5 27.4±1.6 29.2±0.8 

(g/L) JI-10 28.1±0.7 28.3±1.1 27.8±1.2 26.6±1.3 26.3±1.3 24.7±0.8* 26.7±1.2 26.9±0.8 28.1±1.1 

Globulin Saline 13.0±0.5 12.8±0.4 14.2±0.5 14.2±1.0 14.0±0.6 13.0±0.6 14.0±0.6* 14.0±1.5 13.7±0.8 

(g/L) JI-10 12.7±0.4 13.1±0.6 14.2±0.5* 14.5±0.6 14.5±1.3 12.7±1.3 15.0±1.5 14.0±0.6 14.3±0.7 

Total Bilirubin Saline 8.8±0.9 8.8±0.5 8.5±1.0 8.2±0.8 9.0±0.9 9.2±1.3 8.6±1.4 8.6±1.5 9.5±1.6 

(µmol/L) JI-10 10.9±0.9 10.3±1.0 10.0±1.5 8.4±0.6* 8.3±1.0* 6.7±0.9* 7.3±0.8* 7.3±1.0* 9.4±1.5 

GGT Saline 11.5±1.4 11.8±1.8 14.3±1.7* 14.0±1.6* 11.0±2.5 11.0±2.3 12.2±1.5* 11.6±1.9 12.0±2.3 

(U/L) JI-10 11.6±1.1 13.0±1.5 15.8±1.6* 16.0±1.0* 13.5±1.7 11.6±1.5 13.7±1.3 13.3±2.0 14.3±2.1 

ALP Saline 99.7±17.4 96.2±15.7 92.8±16.3 77.7±12.0 67.8±15.2 67.6±9.7 69.4±10.1 72.0±11.9* 82.7±11.9 

(U/L) JI-10 87.5±9.0 81.9±7.6 67.4±6.6* 55.3±4.4* 44.3±5.2* 44.9±5.1*# 49.3±6.0* 53.6±6.2* 59.4±6.1* 

AST Saline 22.7±4.9 21.8±3.6 19.3±2.5 19.2±2.3 20.3±3.3 21.0±2.6 16.8±2.1 14.4±2.3 15.0±1.8 

(U/L) JI-10 17.9±1.8 19.0±1.4 16.8±0.6 18.6±1.0 20.3±0.6* 21.0±3.6 15.4±1.1 13.0±0.8 13.6±1.2 

ALT Saline 6.2±0.8 5.7±0.7 5.2±0.2 5.0±0.0 5.0±0.0 5.0±0.0 5.0±0.0 5.0±0.0 5.0±0.0 

(U/L) JI-10 5.1±0.1 5.0±0.0 5.3±0.3 5.0±0.0 5.0±0.0 5.0±0.0 5.0±0.0 5.0±0.0 5.1±0.1 

Free T4 Saline 20.0±1.7 20.6±2.7 21.3±1.1 23.5±1.9* 21.3±0.3 23.8±2.0* 26.0±2.9* 27.4±2.8* 30.8±2.9* 

(pmol/L) JI-10 18.0±1.4 17.2±1.3 21.3±1.5 19.0±1.0 19.8±0.8 22.1±1.4* 23.0±1.4* 24.4±1.3* 27.0±2.9* 

Free T3 Saline 1.2±0.2 1.1±0.1* 1.0±0.1 1.1±0.1 1.3±0.2 1.2±0.2 1.3±0.1 1.2±0.1 1.1±0.2 

(pmol/L) JI-10 1.3±0.1 1.1±0.1 1.1±0.1 1.2±0.1 1.5±0.1 1.4±0.1 1.3±0.2 1.3±0.1 1.2±0.1 

TSH Saline 0.01±0 0.01±0 0.01±0 0.01±0 0.01±0 0.01±0 0.01±0 0.01±0 0.01±0 

(mU/L) JI-10 0.01±0 0.02±0.01 0.01±0 0.01±0 0.03±0.02 0.01±0 0.01±0 0.01±0 0.01±0 

ACTH Saline 12.2±3.1 389±38* 26.2±7.6* 13.3±3.4 12.7±3.9 12.9±4.4 10.3±3.0 10.5±3.6 10.9±3.6 

(pg/mL) JI-10 10.0±2.4 309±65* 22.9±5.3* 13.0±3.8 11.4±2.5 12.2±3.0 10.7±2.7 10.9±3.2 10.0±3.9 

Cortisol Saline 1.54±0.35 9.07±1.34* 7.38±1.53* 1.36±0.31 0.63±0.30 2.03±0.63 0.79±0.36 0.65±0.27 0.62±0.27 

(ng/mL) JI-10 1.90±0.64 9.39±2.78* 13.42±2.33* 2.12±0.57 3.34±1.11 2.94±0.92 1.87±0.46 0.83±0.18 1.64±0.54 

White cell count Saline 1.9±0.3 4.0±1.0* 2.8±0.3      1.8±0.4 

(x109/L) JI-10 1.8±0.3 2.7±0.4 2.8±0.7      3.7±1.7 

Red cell count Saline 5.6±0.3 5.7±0.3 5.3±0.3      5.8±0.4 

(x1012/L) JI-10 5.9±0.3 6.1±0.3* 6.0±0.2      5.8±0.3 

Platelets Saline 466±35 467±49 649±S      784±71 

(x109/L) JI-10 408±59 495±62 547±60      828±82 

Neutrophils Saline 0.6±0.3 1.4±0.6 1.1±0.3      0.4±0.1 

(x109/L) JI-10 0.3±0.0 0.9±0.2* 1.3±0.5*      2.6±1.5* 

Monocytes Saline 0.1±0.0 0.2±0.1* 0.1±0.0      0.0±0.0 

(x109/L) JI-10 0.1±0.0 0.1±0.0 0.1±0.1      0.0±0.0 

Lymphocytes Saline 1.2±0.1 2.3±0.4* 1.6±0.2*      1.4±0.3 

(x109/L) JI-10 1.3±0.3 1.6±0.3 1.3±0.1      1.0±0.3 

Table 12. (ST) Biochemistry, LFT, TFT, FBC at baseline, during 25 min umbilical cord occlusion, and for 7 days recovery. *p<0.05 compared to 

baseline. #p<0.05 compared to vehicle. Data are mean±SEM. 

 



Chapter 7 – Neuroprotection with JI-10 

 

244 

 Body  (g) 

Heart 

(g) Lungs (g) Liver (g) 

Kidney 

(g) 

Adrenal 

(g) 

Spleen 

(g) Brain (g) 

Relative brain weight 

(%) 

Sham 1888±126 15.9±1.3 57.7±5.0 78.3±6.0 7.7±0.3 0.14±0.01 3.7±0.4 33.6±0.5 1.8±0.1 

Saline 2039±127 13.7±0.9 37.3±4.0 90.3±7.1 7.1±0.4 0.13±0.01 3.1±0.2 28.5±1.1# 1.4±0.1# 

JI-10 2562±161# 14.4±1.3 35.9±3.5#§ 97.1±11.8 8.1±0.7 0.16±0.01§ 3.1±0.4 28.3±0.9# 1.1±0.1#§ 

Table 13. (ST) Post-mortem data. #p<0.05 compared to sham occlusion. §p<0.05 compared to saline+occlusion. Relative brain weight calculated as 

brain/body x100. Data are mean±SEM. 

  



Chapter 8 – Seizures and striatal neuroprotection  

245 

Chapter 8. nNOS inhibition during profound asphyxia 
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8.1.  Preface 

Following Chapter 7 we next investigated the effects of JI-10 specifically on striatal 

phenotypic neurons, and the relationship between seizure activity and neuronal outcome. 

Neuropharmacology, in review at the time of thesis submission for examination. 
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8.1.  Abstract 

Basal ganglia injury after hypoxia-ischemia remains common in preterm infants, and is 

closely associated with later cerebral palsy. In the present study we tested the hypothesis 

that a highly selective neuronal nitric oxide synthase (nNOS) inhibitor, JI-10, would 

improve survival of striatal phenotypic neurons after profound asphyxia, and that the 

subsequent seizure burden and recovery of EEG are associated with neural outcome. 24 

chronically instrumented preterm fetal sheep were randomized to either JI-10 (3 ml of 

0.022 mg/ml, n=8) or saline (n=8) infusion 15 min before 25 min complete UCO, or saline 

plus sham occlusion (n=8). UCO was associated with a significant reduction in the 

number of calbindin-28k-, GAD-, and nNOS-positive striatal neurons (p<0.05 vs. sham 

occlusion) but not ChAT-positive neurons. JI-10 was associated with a significant 

increase in the number of calbindin-28k-, GAD-, nNOS- and ChAT-positive striatal 

neurons (p<0.05 vs. saline+occlusion). Seizure burden was strongly associated with loss 

of calbindin-positive cells (p<0.05), greater seizure amplitude was associated with loss of 

GAD-positive cells (p<0.05), and with more activated microglia in the white matter tracts 

(p<0.05). There was no relationship between EEG power after 7 days recovery and striatal 

cell loss. In summary, these findings suggest that selective nNOS inhibition during 

asphyxia is associated with protection of phenotypic striatal projection neurons and has 

potential to help reduce basal ganglia injury in some premature babies. 
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8.2.  Introduction 

Cerebral palsy (CP) of perinatal origin remains a major problem (Committee on 

Understanding Premature Birth and Assuring Healthy Outcomes, 2007b). There is 

increasing evidence that it results from antenatal hypoxia-ischemia (HI) in about 70-80 

% of cases (Graham et al., 2008), particularly around premature birth (Robertson et al., 

2007). Although white matter injury (WMI) remains the predominant pattern of brain 

injury after HI in preterm infants (Bax et al., 2006), injury to the basal ganglia is very 

common and is the second most frequently injured region (Paneth et al., 1990; Barkovich 

& Sargent, 1995; de Vries et al., 1998; Gilles et al., 1998; Leijser et al., 2004; Bax et al., 

2006; Logitharajah et al., 2009). The presence of basal ganglia injury is much more 

predictive of CP and other motor problems, as well as subsequent epilepsy and learning 

difficulties problems than injury in other regions such as a ‘watershed’ distribution 

(Martinez-Biarge et al., 2011; Harteman et al., 2013), and WMI (Himmelmann & 

Uvebrant, 2011). Thus, it is important to find new therapies that specifically protect the 

basal ganglia from HI injury. 

Consistent with the clinical patterns, asphyxia induced by complete UCO in preterm fetal 

sheep is associated with significant basal ganglia and white-matter injury, but not cortical 

injury after 3 and 7 days recovery (Bennet et al., 2007c; Drury et al., 2014). We have 

recently shown that prophylactic therapy with a novel and potent inhibitor of nNOS was 

associated with protection of neurons in the caudate nucleus (Drury et al., 2013b). This 

supports previous findings in rabbit kits that selective nNOS inhibition during profound 

prenatal asphyxia was associated with reduced CP (Ji et al., 2009b; Yu et al., 2011). There 

is some evidence that the basal ganglia is highly active during seizures (Clozel et al., 

1985) and that seizures are associated with striatal injury at term (Brambrink et al., 1999). 
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It is unclear whether basal ganglia damage is associated with seizures following hypoxia-

ischemia in the preterm. 

In the present study, we tested the hypothesis that prophylactic selective inhibition of 

nNOS with a highly specific agent (JI-10) (Drury et al., 2013b) would protect phenotypic 

striatal neurons following profound asphyxia in 0.7 gestation preterm fetal sheep, when 

brain development is broadly consistent with 28 to 32 weeks in humans, before the 

development of cortical myelination (McIntosh et al., 1979). We examined the secondary 

hypothesis that reduced seizure activity would be associated with improved neural 

outcome.  
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8.3.  Methods 

8.3.1. Instrumentation 

All procedures were approved by the Animal Ethics Committee of The University of 

Auckland following the New Zealand Animal Welfare Act, and the Code of Ethical 

Conduct for animals in research established by the Ministry of Primary Industries, 

Government of New Zealand. All efforts were made to minimise animal suffering and to 

reduce the number of animals used. 

Twenty-four Romney/Suffolk fetal sheep were operated on at 98-99 days of gestation 

(term = 147 days)4. Food, but not water was withdrawn 18 h before surgery. Ewes were 

given 5 ml of Streptocin (procaine penicillin (250,000 IU) and dihydrostreptomycin (250 

mg/ml); Stockguard Labs Ltd, Hamilton, N.Z.) intramuscularly 30 min prior to the start 

of surgery. Maternal weight was recorded. Anesthesia was induced by i.v. injection of 

propofol (5 mg/kg; AstraZeneca Limited, Auckland, New Zealand), and general 

anesthesia maintained using 2-3% isoflurane (Medsource, Ashburton, N.Z.) in O2. Under 

anesthesia, a 20 g i.v. catheter was placed in a maternal front leg vein and the ewes were 

placed on a constant infusion saline drip to maintain maternal fluid balance. Ewes were 

ventilated, and the depth of anesthesia, maternal heart rate, SpO2, end-tidal isoflurane 

and CO2, and respiration were constantly monitored by trained anesthetic staff.  

As previously described (Drury et al., 2013b), catheters were placed in the left fetal 

femoral artery and vein, right brachial artery and vein, and the amniotic sac. A 3S 

ultrasonic blood flow probe (Transonic Systems Inc., Ithaca, NY, USA) was placed 

                                                 

4 Same fetuses as in Chapter 7. 
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around the left carotid artery to measure CaBF as an index of global cerebral blood flow 

(van Bel et al., 1994; Bennet et al., 1999; Gonzalez et al., 2005). EEG electrodes (AS633-

5SSF, Cooner Wire Co., Chatsworth, CA, USA) were placed on the dura over the 

parasagittal parietal cortex (5 mm and 10 mm anterior to bregma and 5 mm lateral). 

Electrodes were placed to measure the fetal ECG. An inflatable silicone occluder was 

placed around the umbilical cord of all fetuses (In Vivo Metric, Healdsburg, CA, USA). 

All fetal leads were exteriorized through the maternal flank and a maternal long 

saphenous vein was catheterized to provide access for post-operative care and euthanasia. 

80 mg gentamicin (Rousell, Auckland, New Zealand) was administered into the amniotic 

sac as the uterus was closed.  

Post-operatively all sheep were housed in separate metabolic cages with access to water 

and food ad libitum, together in a temperature-

50±10 %) with a 12 h light/dark cycle. A period of at least 4 days post-operative recovery 

was allowed before experiments commenced, during which time antibiotics were 

administered i.v. to the ewe daily for four days (600 mg benzylpenicillin sodium; Novartis 

Ltd, Auckland, New Zealand, and 80 mg gentamicin sulphate; Pfizer Pty Ltd, Perth, 

Australia). Fetal catheters were maintained patent by continuous infusion of heparinized 

saline (20 U/ml at 0.2 ml/h) and the maternal catheter maintained by daily flushing. JI-10 

(Ji et al., 2010) was dissolved with sterile saline (0.022 mg/ml) and a total of 0.066 mg 

was given, to achieve 100x the Ki of 0.0077 µmol/l in previous experiments, with 

estimated fetal weight 1.5 kg, and a circulating fetal blood volume of 120 ml/kg (Brace, 

1983). All containers and syringes for JI-10 were first rinsed with 0.1 % bovine serum 

albumin in sterile saline, after filtering through a bacterial filter. 
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8.3.2. Recordings  

Fetal MAP (Novatrans II, MX860; Medex Inc., Hilliard, OH, USA), corrected for 

maternal movement by subtraction of amniotic fluid pressure, FHR derived from the 

ECG, CaBF, and EEG were recorded continuously from -24 h to 168 h after UCO. The 

blood pressure signal was collected at 64 Hz and low pass filtered at 30 Hz. The analogue 

fetal EEG signal was low pass filtered with the cut-off frequency set with the -3 dB point 

at 30 Hz, and digitized at 256 Hz (using analogue to digital cards, National Instruments 

Corp., Austin, TX, USA). The intensity and frequency were derived from the intensity 

spectrum signal between 0.5 and 20 Hz. Data from left and right EEG electrodes were 

averaged. Power in the Delta (0-3.9 Hz), Theta (4-7.9 Hz), Alpha (8-12.9 Hz), and Beta 

(13-22 Hz) spectral bands was calculated as previously described (Keogh et al., 2012a). 

The continuous EEG recording was assessed for continuity by quantifying the percentage 

of time per minute EEG amplitude was >25 µV. 

8.3.3. Experimental protocol 

Experiments were conducted at 103-104 days gestation. Fetuses were randomly assigned 

to JI-10+occlusion (n = 8) or saline+occlusion (n = 8). Sham occlusion fetuses received 

no occlusion (n = 8). JI-10 was administered to the fetal brachial vein 15 min prior to 

UCO as 0.022 mg/ml in 3 ml, over 10 min. Saline+occlusion fetuses received the same 

volume of saline. 

Fetal asphyxia was induced by rapid inflation of the umbilical cord occluder for 25 min 

with sterile saline of a defined volume known to completely inflate the occluder as 

determined in pilot experiments with a flow probe placed around the umbilical cord 

(Bennet et al., 1999). Successful occlusion was confirmed by observation of a rapid onset 

of bradycardia, and by pH and blood gas measurements. The duration of occlusion was 
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chosen as one that we have previously reported to represent an acute, severe, near-

terminal insult that could be survived without post-asphyxial cardiac support (Bennet et 

al., 2007c). All occlusions or sham occlusions were undertaken between 0900 and 1000 

h. 

Fetal arterial blood was taken at 30 min prior to occlusion, 5 and 17 min during asphyxia, 

and then 10 min, 1, 2, 4, 6, 24, 48, 72, 96, 120, 144, and 168 h post-asphyxia for pH and 

blood gas determination (Ciba-Corning Diagnostics 845 blood gas analyzer and co-

oximeter, MA., USA) and for glucose and lactate measurements (YSI model 2300, 

Yellow Springs, Ohio, USA). After the last blood sample, ewes and fetuses were killed 

by an i.v. overdose of pentobarbitone sodium (9 g) to the ewe (Pentobarb 300; Chemstock 

International, Christchurch, New Zealand).  

8.3.4. Histopathology 

The fetal brains were perfusion fixed with 4 % phosphate-buffered formalin. Slices (10 

µm thick) were cut using a microtome (Leica Jung RM2035). Slides were dewaxed in 

xylene and rehydrated in decreasing concentrations of ethanol. Slides were washed in 0.1 

mol/L phosphate buffered saline (PBS). Antigen retrieval was performed in citrate buffer 

(with the exception of EDTA for GAD) using the pressure cooker technique in an antigen-

retrieval system (EMS Antigen 200 Retriever, Emgrid, Australia). Endogenous 

peroxidase quenching was performed by incubation in 1 % H2O2 in methanol for NeuN, 

Calbindin-28k, nNOS, GAD, ChAT and Iba-1. Blocking was performed in 3 % normal 

horse serum (NHS) for NeuN and Iba-1 and normal goat serum (NGS) for Calbindin-28k, 

nNOS, ChAT and GAD for 1 h at room temperature. Sections were labeled with 1:400 

mouse anti-NeuN (Chemicon International, Temecula, CA, USA ), 1:200 goat anti-Iba-1 

(Abcam, via Sapphire Bioscience, Hamilton, New Zealand), 1:200 rabbit anti-Calbindin-
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28k (Swant Ltd, Rte de l'ancienne Papeterie, Marly, Switzerland), 1:500 rabbit anti-nNOS 

(Abcam), 1:200 mouse anti-ChAT (Abicus ALS, Auckland, New Zealand), and 1:200 

rabbit anti-GAD (Abcam) overnight (2 nights for GAD) at 4 °C. Sections were incubated 

in biotin-conjugated secondary 1:200 horse anti-mouse in 3% NHS (NeuN and ChAT) or 

1:200 goat anti-rabbit IgG (Vector Laboratories, Burlingame, USA) in 3.5% NGS for 2 h 

at room temperature. Slides were then incubated in ExtrAvidin® (1:200, Sigma-Aldrich 

Pty. Ltd.) in PBS for 2 h at room temperature and then allowed to react in 

diaminobenzidine tetrachloride (DAB) (Sigma-Aldrich Pty. Ltd.). The reaction was 

stopped by washing in dH2O, the sections were then dehydrated and mounted.  

Brain regions of the forebrain used for analysis included the mid-striatum (comprising 

the caudate nucleus and putamen) and the frontal subcortical white matter (comprising 

the intragyral, IGWM, and periventricular, PVWM, regions) on sections taken 23 mm 

anterior to stereotaxic zero (Gluckman & Parsons, 1983). The cornu ammonis (CA) of 

the dorsal horn of the anterior hippocampus (divided into CA1/2, CA3, CA4, and dentate 

gyrus (DG)) were assessed on sections taken 17 mm anterior to stereotaxic zero. Neuronal 

(NeuN) and microglial (Iba-1) changes were scored on stained sections by light 

microscopy at x40 magnification on a Nikon 80i microscope and NIS Elements Br 4.0 

software (Nikon Instruments Inc., Melville, N.Y., U.S.A.) using seven fields in the 

striatum (four in caudate nucleus, three in putamen), two fields in the white matter (one 

intragyral, one periventricular), and one field in each of the hippocampal divisions as 

previously described (Dean et al., 2006b). Total microglia were counted as all cells with 

Iba-1 immunostaining. For assessment of activated microglia Iba-1 cells showing an 

amoeboid morphology with no cell processes were counted.  

Estimates of total striatal phenotypic neuron density were quantified using 

Stereoinvestigator software (version 8) and light microscopy (Nikon eclipse 80i, Scitech 
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ltd, Preston, Victoria, Australia). The caudate nucleus and putamen were outlined at 2x 

magnification and neurons were counted at 10x magnification. A grid of 1200 x 1200 µm 

was placed at a random rotation on the outlined area. Cells touching the bottom and right 

hand boundaries were counted whilst those touching the top and left were excluded using 

a fractionator probe. Neurons were assessed according to morphological characteristics 

and were excluded if cells showed a condensed nucleus or fragmented appearance (Pozo 

Devoto et al., 2006). For each animal, average scores across both hemispheres from two 

sections were calculated for each region. Counts were made by an assessor blinded to the 

treatment groups. 

8.3.5. Data analysis 

Off-line analysis of the physiological data was performed using customized Labview 

programmes. The raw EEG was assessed for epileptiform activity. Seizures were 

identified visually and defined as the concurrent appearance of sudden, repetitive, 

evolving stereotyped waveforms in the EEG signal lasting more than 10 sec and of an 

amplitude greater than 20 μV (Scher et al., 1993b). Seizures were analyzed to determine 

total number, mean amplitude, onset, and burden, defined as the total time spent having 

seizures. 

Data were analyzed using SPSS 15.0 for Windows (SPSS, Chicago, Il, USA). For 

between group comparisons two-way analysis of variance (ANOVA) for repeated 

measures was performed. Multiple regions within one structure (i.e. caudate nucleus and 

putamen in the striatum) were tested as a repeated measure. Where significance was found 

with ANOVA for group or region*group, Tukey’s pairwise comparisons were used to 

compare selected groups. Non-parametric Mann-Whitney U-tests were used where 

appropriate. Linear or non-linear regression was used as appropriate to compare total 
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EEG power, alpha power, CaBF over the 6th hour and the final day of recovery, and 

seizure activity with histological outcome as appropriate. Statistical significance was 

accepted as p < 0.05. Data are presented as mean ± SEM unless otherwise stated. 
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8.4.  Results 

8.4.1. Baseline and umbilical cord occlusion 

Baseline blood gases, acid-base status and glucose-lactate values were not different 

between groups. UCO was associated with marked fetal hypoxia, hypercarbia, and 

acidosis, bradycardia, hypotension, peripheral vasoconstriction, cerebral hypoperfusion, 

EEG suppression, and increased cortical impedance. There were no differences during 

occlusion between the saline and JI-10 groups. 

8.4.2. Recovery 

EEG power was suppressed for more than 36 h in both groups, with similar loss of high 

frequency activity in both groups, before progressively recovering to baseline values by 

approximately 96 h. Electrographic seizures developed 354 (329-403) min (median 

(interquartile range)) after saline+occlusion, with a marked further delay after JI-

10+occlusion (588 (453-895) min, p < 0.05). There was no significant difference in 

number, duration, or peak amplitude of individual seizures.  

8.4.3. Histopathology 

Occlusion was associated with marked (NeuN positive) neuronal loss in the basal ganglia 

and the CA1-2 and CA3 regions of the hippocampus compared to sham controls (p < 

0.05). JI-10+occlusion was associated with significantly greater neuronal survival in the 

caudate nucleus, but no effect in the putamen or hippocampal regions. There was an 

increase in Iba-1 positive total and amoeboid microglia in the IGWM and PVWM in both 

occlusion groups (p < 0.05).  
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Occlusion was associated with a significant loss of neurons immunopositive for calbindin, 

GAD and nNOS in both the caudate nucleus and putamen (Figure 46, p < 0.05 

saline+occlusion vs. sham occlusion), but not for ChAT (NS). JI-10 was associated with 

significant protection in both regions for calbindin, GAD and nNOS (p < 0.05 compared 

to saline+occlusion), and there was also significantly more ChAT immunopositive 

neurons in the caudate nucleus in the JI-10 group compared to the saline group (p < 0.05). 

There were no differences between the sham occlusion and JI-10+occlusion groups for 

any immunostaining (NS). Figure 47 through to Figure 50 show representative 

immunostaining. 
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Figure 46. Phenotypic striatal neuron density in the caudate nucleus and putamen. Data 

are mean±SEM. Compared with repeated measures ANOVA and Tukey’s pairwise 

comparisons where significance found between groups. ChAT showed an interaction 

between region and group and thus regions were analysed separately. #p<0.05 for sham 

occlusion vs. saline+occlusion, *p<0.05 for saline+occlusion vs. JI-10 +occlusion. 
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Figure 47. Representative photomicrographs of phenotypic striatal neurons in the 

caudate nucleus from sham occlusion, saline+occlusion and JI-10+occlusion groups at 

10x magnification. Arrows with tail show examples of cells counted and arrowheads 

show examples that were not counted. Scale bar is 200 µm. Panel A: calbindin 28k 

density and micrographs show that occlusion was associated with a significant 

reduction in calbindin density in both the caudate and putamen, and this was restored 

by JI-10 treatment. Panel B: GAD density and micrographs show that occlusion was 

associated with a significant reduction in GAD density in both the caudate and 

putamen, and this was restored by JI-10 treatment.; Panel C: nNOS density and 

micrographs show that occlusion was associated with a significant reduction in nNOS 

density in both the caudate and putamen, and this was restored by JI-10 treatment.; 

Panel D: ChAT density and micrographs show that occlusion was associated with a non-

significant reduction in ChAT density in both the caudate and putamen, and this was 

restored by JI-10 treatment in the caudate nucleus. 
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Figure 48. Representative photomicrographs of phenotypic striatal neurons in the 

caudate nucleus from sham occlusion, saline+occlusion and JI-10+occlusion groups at 

40x magnification. Panel A: calbindin 28k; Panel B: GAD; Panel C: nNOS; Panel D: 

ChAT. Arrows with tail show examples of cells counted and arrowheads show examples 

that were not counted. In addition to overall cell loss, occlusion was associated with 

regression of spinous processes that appeared to be restored by JI-10 treatment. Scale 

bar is 200 µm. 
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Figure 49. Representative photomicrographs of phenotypic striatal neurons in the 

putamen from sham occlusion, saline+occlusion and JI-10+occlusion groups at 10x 

magnification. Panel A: calbindin 28k; Panel B: GAD; Panel C: nNOS; Panel D: ChAT. 

Arrows with tail show examples of cells counted and arrowheads show examples that 

were not counted. Scale bar is 200 µm. 
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Figure 50. Representative photomicrographs of phenotypic striatal neurons in the 

putamen from sham occlusion, saline+occlusion and JI-10+occlusion groups at 40x 

magnification. Panel A: calbindin 28k; Panel B: GAD; Panel C: nNOS; Panel D: ChAT. 

Arrows with tail show examples of cells counted and arrowheads show examples that 

were not counted. Subjectively, in addition to overall cell loss, occlusion was associated 

with regression of spinous processes that appeared to be restored by JI-10 treatment. 

Scale bar is 200 µm. 
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8.4.4. Correlations 

CaBF at 6 h was positively associated with the number of NeuN-positive neurons in the 

caudate nucleus (Figure 51, linear, R2 = 0.33, p < 0.05), but no other region or 

immunostaining (NS for all). There was no relationship between CaBF at 7 d with any 

histological measure (NS).  

Total number of seizures were associated with greater total neuronal loss in the putamen 

(linear, R2 = 0.37, p < 0.05), CA3 (linear, R2 = 0.45, p < 0.05), and with greater loss of 

calbindin-positive neurons in the caudate nucleus (non-linear, R2 = 0.33, p < 0.05), and 

putamen (non-linear, R2 = 0.43, p < 0.05) but no other region or immunostaining (NS). 

Seizure burden was inversely associated with total number of surviving neurons in the 

caudate nucleus (NeuN positive, linear, R2 = 0.29, p < 0.05), and with calbindin in the 

caudate nucleus (non-linear, R2 = 0.33, p < 0.05) and putamen (non-linear, R2 = 0.39, p 

< 0.05) but not with any other region or immunostaining (NS for all). Seizure amplitude 

was positively associated with the number of Iba-1 positive cells with amoeboid 

morphology in the IGWM (non-linear, R2 = 0.40, p < 0.01) and PVWM (non-linear, R2 

= 0.61, p < 0.001), and negatively with GAD positive cells in the putamen (non-linear, 

R2 = 0.31, p < 0.05), but not with total Iba-1 or any other immunostaining. There was no 

relationship between seizure onset and any histological outcome.  

Total EEG power and alpha EEG power over day 7 were not associated with any 

histological outcome. EEG continuity >25 µV at 7 d recovery was positively associated 

with ChAT in the caudate nucleus (non-linear, R2 = 0.36, p < 0.05). There was no other 

relationship between EEG continuity and histological outcome (NS for all). Consistent 

with increased seizures, total EEG power at 6 h was negatively associated with calbindin 

in the caudate nucleus (non-linear, r2 = 0.59, p < 0.005) and putamen (non-linear, r2 = 
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0.45, p < 0.05), with GAD and nNOS in the putamen (0.38 and 0.23 respectively, p < 

0.05). Similarly, alpha power at 6 h was negatively associated with calbindin in the 

caudate nucleus (non-linear, r2 = 0.42, p  < 0.05), and with NeuN in the caudate nucleus 

(non-linear r2 = 0.44, p < 0.01). 

 

Figure 51. Representative examples of EEG correlations with caldindin 28k positive 

neuronal density in the caudate nucleus. Panel A: 6 h total EEG power; Panel B: 6 h 

alpha EEG power; Panel C: seizure number; Panel D: seizure burden, i.e. total duration 

of seizures. Data were analysed with linear (Panels C and D) or non-linear regression 

(Panels A and B) as appropriate and both occlusion groups were combined in the model. 

Linear regressions lines are shown with their respective 95% confidence interval. 

Where significance was found it is shown with the R2 value on the graph. Open circles: 

saline+occlusion; closed circles: JI-10 plus occlusion. 
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8.5.  Discussion 

The present study demonstrates for the first time that potent and selective inhibition of 

nNOS during and early after profound asphyxia significantly reduced the loss of striatal 

phenotypic neurons in the preterm fetus. Greater EEG power at 6 h was associated with 

worse neural outcome, because of greater electrographic seizure activity at this time 

which was also associated with greater loss of phenotypic striatal neurons.  

Basal ganglia injury is highly implicated in the pathogenesis of athetoid CP (Paneth et 

al., 1990; Barkovich & Sargent, 1995; de Vries et al., 1998; Gilles et al., 1998; Leijser et 

al., 2004; Bell et al., 2005; Bax et al., 2006; Robertson et al., 2007; Graham et al., 2008; 

Logitharajah et al., 2009). To our knowledge this is the first study to report the effects of 

profound UCO on phenotypic striatal neurons at 7 d recovery in the preterm fetus. In 

previous studies in preterm rabbit kits nNOS inhibition was associated with a significant 

reduction in cerebral palsy (Yu et al., 2011). Similar to our previous study at 3 d recovery 

after asphyxia there was a significant reduction in calbindin-28 k, GAD, and nNOS 

immunopositive cells, but no significant effect on ChAT cholinergic interneurons 

(George et al., 2007). JI-10 treatment was associated with greater ChAT immunostaining 

in the caudate compared to the saline treated fetuses after occlusion.  

Previously, we showed that JI-10 was associated with neuroprotection in the caudate 

nucleus but not in the putamen (Drury et al., 2013b). The differences reported in the 

present study may reflect minor differences in insult or drug treatment as we previously 

demonstrated a similar trend as in the present study. In terms of neuroprotection, the 

present study demonstrates a similar effect as post-asphyxial hypothermia (George et al., 

2007), but with additional protection of GAD positive cells with JI-10. Hypothermia can 

suppress NO free radicals (Thoresen et al., 1997), has been shown to reduce nNOS 
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activity (Karabiyikoglu et al., 2003), and protect calbindin-28k and nNOS positive striatal 

neurons (George et al., 2007). The vulnerability of the calbindin-28k and GAD 

populations may relate to their susceptibility to pathological calcium exposure (Freund et 

al., 1990; George et al., 2007), while the vulnerability of the nNOS population may relate 

to excitotoxin vulnerability (Figueredo-Cardenas et al., 1997). There is some evidence 

that the ChAT cholinergic interneuron population is relatively resistant to exogenous 

glutamate agonist mediated depolarization (Calabresi et al., 1990), and have also been 

shown to have greater expression of superoxide dismutase (Inagaki et al., 1991; Medina 

et al., 1996), consistent with no significant reduction compared to the sham occlusion 

group. However, there was significantly more ChAT immunostaining in the JI-10 treated 

group compared to the saline treated group, suggesting that the effect of JI-10 may extend 

beyond prevention of free radical damage. Consistent with this there was the additional 

effect on the GAD population that was not protected by hypothermia. Hypothermia can 

suppress excitotoxicity and free radical damage (Drury et al., 2010), suggesting that either 

this is required earlier (i.e. before hypothermia is generally started), or is an additional 

protective mechanism of JI-10. 

Seizures occur in 58-132 per 1000 live births in preterm infants (Scher et al., 1993a; 

Lanska et al., 1995). It is unclear whether seizures per se cause new brain injury, or are a 

manifestation of evolving injury (Cole et al., 2002; Ferriero, 2004). In preterm neonates 

with hypoxic-ischaemic encephalopathy 65% of infants with seizures had severe outcome 

or died, whereas no seizures were associated with good outcome (Logitharajah et al., 

2009; Shah et al., 2010). There is an inherently non-linear relationship between seizures 

and neural outcome at term equivalent (Williams et al., 1992). The relationship between 

seizure burden and outcome in preterm infants is unclear, although seizures are 

independently associated with an increased risk of CP in <32 week preterm infants 
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(Murphy et al., 1997). During seizures, blood flow to the basal ganglia is increased more 

than to the cortex, cerebellum, and brainstem, suggesting a high metabolic demand and 

thus electrical activity (Clozel et al., 1985). Miller and colleagues showed that in term 

infants seizures were associated with increased lactate/choline in the basal ganglia, after 

adjusting for the severity of injury, suggesting that seizures per se were associated with 

metabolic stress (Miller et al., 2002). In our model, electrographic seizures are closely 

associated with the onset of secondary mitochondrial deterioration (Bennet et al., 2006b), 

and we showed in the previous study that JI-10 was associated with a delay in seizure 

onset and mitochondrial deterioration. Potentially, loss of GABAergic interneurons in the 

basal ganglia could mediate disinhibition, facilitating seizures. Consistent with this, there 

was a strong negative correlation between seizure amplitude and GAD immunostaining 

in the putamen. 

In term fetal sheep there is a non-linear positive correlation between EEG recovery at 7 d 

post-insult and cortical neuronal survival (Davidson et al., 2012b). Reduced high 

frequency EEG activity is associated with reduced neurodevelopment in preterm infants 

(Scher et al., 1996), and increased low frequency activity is associated with injury in 

chorioamnionitis (Gavilanes et al., 2010), and with increased microglial activation, but 

no WMI in preterm fetal sheep (Keogh et al., 2012a). A shift to lower frequency activity 

but not total power was associated with WMI in preterm infants (Inder et al., 2003). There 

was a negative association between total power and alpha power at +6 h and neural 

outcome. Presumably this was related to seizure activity at this time (Dean et al., 2006b; 

Yawno et al., 2007; Keogh et al., 2012b). Consistent with this, excessive alpha 

rhythmicity was associated with seizures and sharp waves in term infants (Hrachovy & 

O'Donnell, 1999). We have previously shown a relationship between EEG recovery at 7 

d and neural outcome in term fetal sheep (Davidson et al., 2012b), we show in the present 
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study that there was no relationship between total, low, or high frequency EEG power at 

7 d recovery with neural outcome. This is consistent with limited cortical injury in this 

paradigm (Drury et al., 2013b; Drury et al., 2014), and that EEG power recovered to 

baseline by 7 d.   

In summary, selective and potent nNOS inhibition during asphyxia and the latent phase 

was associated with significant protection of striatal phenotypic neurons. There was a 

significant association between seizure activity and greater loss of neurons, and also 

between greater EEG power and lower neuronal counts, consistent with seizures at this 

time. In summary, these findings suggest that selective nNOS inhibition during asphyxia 

is associated with protection of phenotypic striatal projection neurons and has potential 

to help reduce basal ganglia injury in some premature babies. 
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9.1.  Preface 

This final chapter of results in from a wider study investigating early prediction of brain 

injury in neonates with congenital heart disease. The timing and aetiology of brain injury 

in these patients is unclear. Several studies have shown NIRS defined changes in 

intracerebral oxygenation in weak associations with subsequent injury. However, there 

are equally as many studies showing opposite effects in terms of where the critical period 

for injury occurs. TGA is a common type of cardiac lesion which is generally 

homogenous in terms of the physiology and corrective surgery between patients, and thus 

presents an optimal group to investigate the effects of certain surgical interventions. This 

is an unaltered version of the manuscript published in J Thorac Cardiovasc Surg. 2013 

Dec;146(6):1327-33. 

http://www-ncbi-nlm-nih-gov.ezproxy.auckland.ac.nz/pubmed/23499473
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9.2.  Abstract 

Objective: Deep-hypothermic circulatory arrest (DHCA) may be associated with 

increased risk of neural injury. Our aim was to investigate whether short periods of DHCA 

are associated with altered neurophysiological recovery or greater risk of injury. 

Methods: 18 term infants with transposition of the great arteries undergoing the arterial 

switch operation were enrolled with informed parental consent. DHCA was used in 11 

and bypass alone in 7. Near-infrared spectroscopy and aEEG were recorded together with 

standard monitoring during and from 4 to 16 h after surgery. Fractional tissue oxygen 

extraction (FTOE) was determined from SaO2 and venous weighted intracerebral 

oxygenation (TOI; FTOE = [SaO2 – TOI] / SaO2). Magnetic resonance imaging (MRI) 

scans were performed before and 5-7 days after surgery.  

Results: There were no significant differences between patients requiring DHCA 

(median 5 min, range 3-6) or cardiopulmonary bypass-only at the beginning of surgery. 

At the end of surgery aEEG minimum amplitude was significantly lower in the DHCA 

group (p<0.05) and FTOE tended to be lower (p=0.068). After surgery, DHCA was 

associated with significantly higher TOI, lower FTOE and lower core temperature than 

bypass-alone (p<0.05). MRI-defined white matter injury before and after surgery was 

similar between groups. 

Conclusions: In this prospective observational study brief DHCA during the arterial 

switch operation was associated with reduced cerebral oxygen uptake during recovery 

from surgery, with transient EEG suppression, but no increase in risk of white matter 

injury.  
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9.3.  Introduction 

The role of deep hypothermic circulatory arrest (DHCA) in the repair of congenital heart 

disease (CHD) during infancy remains controversial, with significant variation between 

institutions and surgeons (Jonas, 2002). Some use relatively long periods of DHCA to 

facilitate surgical repair of the defect, some use very brief periods of DHCA only (e.g. 

for surgery on the atrial septum when there is no other intracardiac surgery or during 

transfer of cannulae while using antegrade cerebral perfusion) and some avoid it entirely. 

The advantages of DHCA are that it provides a bloodless, uncluttered surgical field, 

simpler cannulation and less exposure of blood to foreign surfaces with less 

inflammation. The major potential disadvantage is that it might lead to ischemic brain 

injury and worse neurodevelopmental outcome. There is little doubt that prolonged 

DHCA increases the risk of brain injury (Newburger et al., 1993; Bellinger et al., 1999; 

Hovels-Gurich et al., 2002), but it is unknown whether shorter periods are also associated 

with increased risk. The Boston Circulatory Arrest Study found that DHCA was 

associated with worse motor and speech problems, while continuous cardiopulmonary 

bypass (CPB) was associated with problems in several behavioural domains (Bellinger et 

al., 1999; Bellinger et al., 2009). Subsequent randomized control trials of aspects of 

perfusion management during CPB and a prospective cohort study have not found an 

association between DHCA and adverse neurodevelopmental outcomes (Jonas, 2002). 

Magnetic resonance imaging (MRI) studies have shown that white matter injury (WMI) 

is the most common pattern of brain injury in infants with CHD. WMI is reported in 25-

40% of infants before surgery, and new injury in approximately 40-50% after surgery 

(Galli et al., 2004; McQuillen et al., 2007; Beca et al., 2009b; Petit et al., 2009; 

Andropoulos et al., 2010a). Lower regional cerebral oxygen saturation, measured using 
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NIRS, has been associated with new ischemic lesions on MRI after the Norwood 

procedure, and with MRI abnormalities and a lower psychomotor development index at 

one year of age in infants undergoing a biventricular repair (Kussman et al., 2010). 

The arterial switch operation (ASO) for correction of TGA provides a useful cohort to 

study the effects of different operative and perfusion techniques. It is relatively common, 

has a very low surgical mortality and relatively standard anatomy and age of repair and 

is rarely associated with genetic syndromes. A common surgical approach in infants with 

TGA and an intact ventricular septum is to use a single venous drainage cannula in the 

right atrium and continuous CPB with a short period of DHCA to close the atrial septum; 

the alternative is to use bicaval venous cannulation and thereby avoid the need for DHCA. 

The goal of this study was to investigate whether very short periods of DHCA are 

associated with differences in cerebral oxygenation, EEG amplitude and injury on MRI 

scan compared to infants having surgery for TGA who did not have DHCA. 
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9.4.  Methods 

This study was part of a larger prospective longitudinal study of brain injury in infants 

undergoing surgery for CHD conducted at Starship Children’s Hospital, Auckland, New 

Zealand. Infants were included in this sub-study if they had TGA with or without a 

ventricular septal defect (VSD) and underwent ASO. Infants were excluded if they were 

less than 36 weeks gestational age or if they had a recognized genetic or malformation 

syndrome. The study population consisted of infants who also underwent continuous 

NIRS and EEG monitoring during and after surgery, and had MRI scans performed before 

and after surgery. Informed consent was obtained from parents or caregivers and the study 

was approved by the local Human Research and Ethics Committee. Demographic and 

physiological data were collected prospectively by the study research nurses. 

9.4.1. Clinical management 

Balloon atrial septostomy was performed under ultrasound guidance in the intensive care 

unit if required, based on clinical and echocardiographic assessment. For ASO, 

anaesthesia was induced and maintained with fentanyl, isoflurane and muscle relaxants. 

Cannulation for CPB was performed using a single venous cannula in the right atrium 

and an aortic cannula. In selected infants, either those with a VSD or because of surgical 

preference due to size or anatomical considerations, the venous cannula was then replaced 

by bicaval cannulae in the superior and inferior vena cavae. Infants who had a single 

venous cannula throughout had a short period of DHCA to allow closure of the atrial 

septum. The perfusion strategy included continuous full-flow CPB at 150 ml/kg/min and 

a target core temperature of 22 °C. Alpha-stat pH management was used when the core 

temperature was above 30°C while below this pH-stat was used both when cooling and 

rewarming.  
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Phenoxybenzamine was given to all infants before or during CPB. Vasodilatation was 

maintained after surgery with either phenoxybenzamine or a milrinone infusion. 

Dopamine and/or epinephrine infusions were used as required to maintain systemic 

cardiac output and blood pressure. After surgery, analgesia and sedation were managed 

with a continuous infusion of morphine and either a midazolam infusion or intermittent 

boluses of diazepam.  

9.4.2. Electroencephalography 

Continuous aEEG was performed using the Research Brain Rescue Monitor (ReBRM, 

BrainZ Instruments Ltd, Auckland, New Zealand). Left and right parietal and frontal 

cortices were monitored using standard international electrode positioning and signal 

processing as previously described (Gunn et al., 2012b). The primary variable was the 

EEG minimum amplitude (aEEGmin), which reflects background EEG activity (Gunn et 

al., 2012b). aEEG data were included for analysis if the electrode impedance was less 

than 10kΩ per pair and free from electrical artefact. Electrographic seizures were 

identified on aEEG recordings and then confirmed on the continuous EEG, based on 

duration >10 sec with amplitude > 40 µvolts, and a repetitive evolving pattern (Gunn et 

al., 2012b). 

9.4.3. Near-infrared spectroscopy measurements 

Concentration changes in global cerebral oxyhemoglobin (HbO2) and deoxyhemoglobin 

(Hb), normalized total haemoglobin index (nTHI, sum of [HbO2] + [Hb]) and cerebral 

TOI were measured using a NIRO-200 spectrophotometer (Hamamatsu Photonics KK, 

Hamamatsu City, Japan). TOI is the venous-weighted fraction of oxygenated 

haemoglobin (HbO2 / (HbO2 + Hb)). Fractional extraction of oxygen (FTOE) was 

calculated as (SaO2 – TOI) / SaO2. ΔHb was calculated as ([HbO2] – [Hb]), as it, 
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correlates well with cerebral blood flow given stable haematocrit and arterial oxygen 

saturation (Bassan et al., 2005). 

9.4.4. Brain MRI Protocol 

MRI studies were performed using a 1.5T Magnetom Avanto (Siemens, Erlangen, 

Germany) Scanner. Standardized sequences were used for all studies including coronal 

3D-FLAIR T1-weighted images (1mm slice thickness), coronal and axial T2-weighted 

dual-echo, fast spin-echo images (2mm slice thickness) and axial diffusion weighted 

imaging (DWI) (12-20 directions, 4mm slice thickness). Scans were reported by an 

experienced neuroradiologist who was blinded to the study. Brain injury was defined as 

the presence or absence of focal infarction (stroke), WMI, or haemorrhage 

(intraventricular or parenchymal) as previously defined (Beca et al., 2009b). WMI was 

classified as normal (no WMI), mild (3 foci and all 2mm), moderate (> 3 and  10 foci 

or any >2mm) and severe (>10 foci). There were no adverse events related to MRI studies. 

9.4.5. Data Collection and Analysis 

Heart rate (HR), MAP, left and right atrial pressures, peripheral arterial oxygen saturation 

(SaO2), core temperature and aEEG and NIRS variables were recorded continuously. 

Data was stored and then analyzed off-line using customized software (Chart Analyzer, 

Labview 2004, National Instruments Corporation, USA). Five standardized time periods 

were defined a-priori for intra-operative data analysis and presentation, to account for 

differences in surgery duration between patients. Five minute averages beginning 30 

minutes before and until 30 minutes after initiation of CPB (1), from 10 minutes before 

and until 10 minutes after aortic cross-clamping (2), from 10 minutes before and until 10 

minutes after DHCA where used (with one minute averages during DHCA) (3), from 10 

minutes before and until 10 minutes after aortic unclamping (4), and from 30 minutes 
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before and until 30 minutes after termination of CPB (5). Data were not collected during 

transfer of the infant from the operating room to intensive care. Post-operative recordings 

commenced from arrival in the intensive care unit until the first postoperative morning, 

4-16 h after termination of CPB was used as the most consistent period of post-operative 

data between patients 

9.4.6. Statistics 

Demographic, pre-operative and surgical data were tested with analysis of variance 

(ANOVA) or Mann-Whitney U-test if not normally distributed in SPSS 15.0 (SPSS 

Inc., Chicago, Il.). Categorical data were compared using Fishers Exact test. Within-

group and between-group comparisons were made using repeated measures ANOVA, and 

post-hoc contrasts tests were used if significance was found using JMP 8.0 (SAS Institute 

Inc., Cary, NC). The period from 10-30 minutes before bypass started was used as pre-

bypass ‘baseline’ values. These were compared with an average of 10-30 min after bypass 

and analyzed with paired T-tests to assess within group changes before and after bypass. 

The DHCA nadir was also tested against the baseline value with paired T-tests. Data are 

presented as either mean±SEM or median (range) as appropriate. Statistical significance 

was accepted when p<0.05. 
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9.5.  Results 

18 infants were included in this analysis. 11 infants had a short period of DHCA and 7 

had CPB without any DHCA. The median duration of DHCA was 5 (range 3-6) minutes. 

The characteristics of the study population are shown in Table 14. The DHCA group had 

slightly lower weight and gestational age at birth and none had a VSD (vs. 3/7 non-DHCA 

patients). There were no differences between groups before surgery in severity of 

hypoxemia (lowest PaO2 and SaO2) or cardiovascular dysfunction (lowest MAP, lowest 

pH and highest lactate). There were no significant differences between groups in CPB 

time, AXC time, minimum temperature during CPB or time with TOI <50% during 

surgery.  

Parameter DHCA (n=11) non-DHCA (n=7) p-value 

Male 7 (64%) 4 (57%) >0.9 

Birth weight (kg) 3 2.6-3.5 3.7 3.2-4.2 0.003 

Gestational age (weeks) 39 37-41 40 39-41 0.025 

Head circumference (cm) 35 33-36 35 32-37 0.28 

Prenatal diagnosis (n) 5 45% 3 43% >0.9 

5min Apgar 9 8-10 9 9-10 0.51 

BAS (n) 8 73% 7 100% 0.25 

Lowest pH 7.32 6.89-7.38 7.14 7.07-7.39 0.17 

Lowest MAP (mmHg) 39 34-48 39 33-44 0.75 

VSD 0 0% 3 43% 0.04 

CPB time (min) 174 144-221 171 150-326 0.47 

AXC time (min) 92 74-107 84 71-179 0.26 

Minimum temperature on 

bypass (C) 

22 19-22 22 21-25 0.28 

Table 14. Demographic and pre-operative data. Data are median (range), or n (%) for 

categorical data. 
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Figure 52. Intra-operative data are mean ± SEM. Time points are 5 min averages 
beginning 30 min before and until 30 min after bypass initiation (points 1-12), from 10 
min before and until 10 min after aortic cross-clamping (points 13-16), from 10 min 
before DHCA (17-18), minute averages of DHCA (19-23), DHCA nadir (24), DHCA 
off (25) and minute averages for 5 min after DHCA (26-30), then 5 min average of 6-
10 min after DHCA (31), from 10 min before and until 10 min after aortic unclamping 
(32-35), and from 30 min before and until 30 min after bypass off (36-47). *p < 0.05 by 
post-hoc contrasts. MAP: mean arterial blood pressure, aEEG: amplitude-integrated 
EEG, TOI: tissue oxygenation index, ΔHb: delta haemoglobin, FTOE: fractional 
tissue oxygen extraction. 
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Figure 53. Post-operative data are hourly mean ± SEM. Time 0 represents the end of 

bypass. *p < 0.05 by post-hoc contrasts. MAP: mean arterial blood pressure, aEEG: 

amplitude-integrated EEG, TOI: tissue oxygenation index, ΔHb: delta haemoglobin, 

FTOE: fractional tissue oxygen extraction. 

 

The time sequence of changes in physiological variables during and after ASO are shown 

in Figure 52 and Figure 53 respectively. No clinical seizures were observed in either 

group. Three infants (two DHCA, one non-DHCA) had electrographic seizures during 

CPB.  One infant in the non-DHCA group had a single three minute electrographic seizure 

during the post-operative intensive care phase. aEEGmin was significantly higher after 



Chapter 9 – Altered intracerebral oxygenation after ASO  

280 

bypass compared to the pre-bypass values in both groups (p<0.05). However it was 

significantly lower in the DHCA group compared to the non-DHCA group from the time 

of removal of the aortic cross clamp, during weaning from CPB and immediately after 

CPB (p<0.005). There was no significant difference between groups during and 

immediately after CPB in TOI (p=0.128), FTOE (p=0.068) and core temperature 

(p=0.06). The DHCA nadir was not significantly different from baseline for TOI, ΔHb 

and FTOE. nTHI was significantly lower than baseline at the nadir (p<0.005) but not at 

other times. The post-bypass ΔHb, FTOE and MAP were significantly higher than the 

pre-bypass values in the non-DHCA group (p<0.05) but not the DHCA group.  

After transfer to intensive care, DHCA was associated with higher TOI (p<0.05) and 

lower FTOE (p<0.005) and core temperature (p<0.05) than non-DHCA. In contrast, 

aEEGmin, SaO2, MAP and heart rate were not significantly different between groups. 

There was a significant positive association between core temperature and FTOE, 

controlled for group (beta coefficient 0.557, p<0.05). There was a significant increase in 

ΔHb over time (p<0.0001) and a fall in nTHI in the non-DHCA group (p<0.05) but not 

in the DHCA group (NS). TOI increased and FTOE fell significantly over time in both 

groups (p<0.001). aEEGmin increased significantly over time in the DHCA group 

(p<0.0001). MAP fell significantly from 4 hours (p<0.0005 in both groups, post-hoc 

significant from 5 h in both groups) but remained steady thereafter.  

Pre-operative white matter injury was present in 3 infants in the DHCA group (27.3%) 

and 2 in the non-DHCA group (28.6%, NS). New post-operative WMI was present in 2 

(18.2%) and 3 infants (42.9%) respectively (NS); none were in infants who had WMI 

before surgery. No cases of stroke were seen.  
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9.6.  Discussion 

This prospective observational study suggests that DHCA for a median of 5 minutes 

during cardiac surgery was associated with consistent neurophysiological changes 

compared to CPB without DHCA. First, aEEG minimum amplitude took longer to 

recover and was suppressed to a greater extent during re-warming and immediately after 

CPB. Second, during recovery from surgery in intensive care, fractional oxygen 

extraction was lower in the DHCA group with greater intracerebral oxygenation, despite 

similar peripheral oxygen saturation and arterial blood pressure. These findings were 

associated with no apparent increase in electrographic seizures or increase in risk of new 

brain injury on MRI. The most likely explanation for these results is that short periods of 

DHCA during the ASO are associated with a transient suppression in brain metabolism 

with associated reduction in oxygen extraction and suppression of electrical activity. 

These findings should be interpreted cautiously. The sample size is small, the groups were 

not randomized, and infants in the DHCA group were significantly smaller, less mature 

and none had a VSD, although cross clamp and CPB times were similar between groups. 

Thus we cannot exclude the possibility that differences between groups may have 

contributed to functional changes after surgery. Further, we did not have any markers of 

systemic blood flow, such as cardiac output or systemic venous oxygen saturation, which 

may have helped to interpret the changes in cerebral oxygenation. Thus, these results 

should be confirmed in a larger cohort, with randomization of DHCA. 

The aEEG and NIRS changes during surgery in the present study are consistent with 

previous reports (du Plessis et al., 1995; Shin'oka et al., 2000), with profound depression 

of EEG activity, a dramatic increase in intracerebral oxygenation during bypass and a 

relative fall during DHCA. Previous studies in piglets (Shin'oka et al., 2000) and infants 
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(du Plessis et al., 1995) reported that cerebral oxygenation fell well below baseline during 

longer duration DHCA than used in the present study. However, similar to our findings, 

they observed a fall in intracerebral oxygenation to near baseline values after 5 min of 

arrest, which was the median duration of arrest in our study. It is likely that this greater 

deoxygenation in DHCA infants compared to non-DHCA infants in the present study 

contributed to the reduced recovery of the aEEG minimum amplitude during rewarming 

and immediately after CPB. Consistent with this, there is evidence of rapid depletion of 

cellular NAD+ following DHCA in the piglet, demonstrating that DHCA is sufficient to 

induce acute primary failure of oxidative metabolism (Chock et al., 2006). 

After surgery, reduced cerebral oxygen extraction with increased cerebral oxygenation in 

the first 16 hours strongly suggests that DHCA was associated with depressed cerebral 

oxidative metabolism compared with CPB. Cerebral hypoxia-ischemia is consistently 

associated with reduced oxidative metabolism during the recovery phase in both pre-

clinical (Jensen et al., 2006; Kurth et al., 2009) and clinical settings (Toet et al., 2006). 

Further, secondary hypoperfusion after 10 minutes of hypoxia-ischemia in near-term fetal 

sheep was associated with increased cortical tPO2 (Jensen et al., 2006), strongly inferring 

that hypoperfusion reflects actively mediated suppression of cerebral metabolism. The 

mechanisms of this hypometabolism after hypoxia-ischemia are only partly understood, 

but there is evidence that it is mediated at least in part by neuroinhibitory factors such as 

allopregnanalone (Yawno et al., 2007) and noradrenaline (Quaedackers et al., 2004a), 

and that blocking these mechanisms exacerbates neural injury.  

The greater TOI after DHCA in the present study was not mediated by changes in oxygen 

content, since arterial oxygen saturation was consistently above 95% in both groups after 

surgery and haematocrit was stable. Potentially, an increase in systemic cardiac output 

could improve cerebral oxygen delivery and so increase TOI, with reduced oxygen 
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extraction. However, DHCA was not associated with a significant effect on arterial blood 

pressure or ΔHb, an index of cerebral blood flow (Bassan et al., 2005). Consistent with 

this, Doppler sonography studies strongly suggest that cerebral blood flow does not 

increase after DHCA (O'Hare et al., 1995).  

TOI increased significantly over time in both groups in the post-operative period, and 

ΔHb increased significantly in the non-DHCA group. Secondary hypoperfusion typically 

resolves from 6 to 8 h after hypoxia-ischemia, and thus potentially resolution of this phase 

in the latter half of the recording period could have contributed to the increase in TOI. In 

addition, cardiac output typically falls for 8-12 hours after the ASO and then recovers 

over the following 12 hours (Wernovsky et al., 1995). This pattern could have contributed 

to the increase in TOI and thus ΔHb in both groups occurring after 8-12 hours. 

Core temperature was lower in the DHCA group from 4 to 10 hours after surgery. Since 

hypothermia reduces brain metabolism, potentially this may have contributed to reduced 

oxygen extraction. However, since there is only a 5% reduction in metabolism per degree 

(Laptook et al., 1995a) and a 1 difference between groups, this does not seem sufficient 

to account for the magnitude of reduced oxygen extraction in the present study. It is 

unclear why core temperature was lower, since there were no differences in the 

temperature management protocols during rewarming in the operating room, and during 

intensive care. It may reflect the younger gestational age of the DHCA group, and thus 

reduced surface area and subcutaneous fat stores, leading to greater heat loss. 

Alternatively, since the brain is a significant source of heat, it is possible that suppression 

of cerebral metabolism after DHCA might have contributed to a fall in body temperature 

(Erecinska et al., 2003), but we cannot rule out other mechanisms such as hypothalamic 

dysfunction. 
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Similarly to other recent reports (McQuillen et al., 2007; Beca et al., 2009b; Petit et al., 

2009; Andropoulos et al., 2010a), over a quarter of the infants in this series developed 

new, mild white matter lesions after surgery. However, there was no apparent increase in 

risk with DHCA, and no patients had evidence of grey matter injury, supporting the 

hypothesis that the current physiologic findings represent a transient and reversible 

suppression in cerebral metabolism. Intriguingly, we found significantly reduced FTOE 

in the DHCA group within 4 h after surgery compared with previous reports in infants 

with severe hypoxic-ischemic encephalopathy who showed a proportionately larger fall 

in FTOE but only from 24 h after the insult (Toet et al., 2006). We and others have 

previously reported pre-existing WMI in 20-30% of infants before surgery (McQuillen et 

al., 2007; Beca et al., 2009b; Petit et al., 2009; Andropoulos et al., 2010a), consistent 

with the present study. Potentially then, the earlier decline may reflect previous neural 

compromise (Andropoulos et al., 2010a).  

In summary, this observational study suggests that brief circulatory arrest during the 

arterial switch operation may be associated with suppressed cerebral oxygen extraction 

in the early post-operative period, consistent with reduced mitochondrial oxidative 

metabolism. There was no evidence of greater risk of WMI after DHCA, suggesting that 

these changes may represent a potentially protective suppression of metabolism during 

recovery. These findings should be confirmed in a randomized clinical trial and long-term 

neurodevelopmental follow-up is needed to confirm whether DHCA is associated with 

functional effects in later childhood.  
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Chapter 10. Thesis discussion and summary 

This chapter discusses the studies presented in this thesis; their impact and relevance to 

the field, and explores key questions that remain unanswered. 

10.1.  A paradigm of brain injury at term 

The introduction outlined the need to better understand how well functional paradigms 

replicate the pathophysiological phases of HIE at term. Ideally, prolonged UCO would 

be a more suitable model that is consistent with an acute sentinel event such as cord 

prolapse. Previous studies of prolonged UCO have been hindered by high mortality 

(Wibbens et al., 2005). As shown in Chapter 3, prolonged UCO was associated with near-

total loss of hippocampal neurons, moderate to severe basal ganglia injury, and mild to 

moderate thalamic and cortical injury. This is consistent with the most common clinical 

pattern of brain injury at term. There was 50% mortality, secondary to cardiogenic 

hypotension after UCO. This presented an opportunity to test blood pressure support 

(Chapters 4 and 10.3). Although this mortality rate was consistent with the natural history 

of term HIE there are ethical and fiscal issues if applied to an experimental setting.  

The mortality rate in this paradigm was high, consistent with the natural history of severe 

HIE in term infants. Optimal blood pressure support would be required to prevent this 

high mortality and increase the number of animals that survive to most-mortem. This 

would need to be accomplished without confounding any putative neuroprotective 

therapy. Blood pressure support is further discussed above in Chapter 9.3. Further studies 

of the optimal occlusion ‘depth’ are required, taking into consideration the duration of 

hypotension, blood gas status, carotid blood flow, ECG changes, adrenaline requirement, 
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and mortality, in order to define the insult density required to produce seizures and 

reliable neural injury.  

Based on my analysis from Chapter 3 I demonstrated that the fetuses that had an early 

onset but sustained moderate hypotension during UCO (i.e. ~12-18 mmHg) developed 

status epilepticus and more severe brain injury compared to the fetuses that maintained a 

higher blood pressure (i.e. ~18-22 mmHg) and then a more sudden fall at the end of 

occlusion. Potentially, the fetuses that developed rapid hypotension could have been 

allowed to continue UCO and reach a lower MAP than 8 mmHg. However, this target 

was chosen from previous experience in our laboratory as there has been a substantial 

period of hypotension and likely myocardial injury (Gunn et al., 2000)developing by the 

time such severe hypotension occurred, making recovery much less likely if the MAP 

was allowed to fall any lower. Consistent with this, adrenaline was required in nearly two 

thirds of fetuses in this cohort at the end of UCO for resuscitation.  

Other laboratories have used surrogate neurological indices such as MRS defined 

anaerobic stress (Iwata et al., 2008), and EEG suppression (Fraser et al., 2005)to 

determine the insult duration. MRS is not available in our unit, nor is it practical without 

sedation of the ewe. Speculatively, we could use an algorithm to calculate an integral 

function of the MAP or CaBF to define an UCO depth required to produce status 

epilepticus and severe injury. 

UCO was associated with limited cortical injury despite the moderate to severe basal 

ganglia and severe hippocampal injury. The ‘resistance’ of the cortex to injury at this age 

compared with sub-cortical neuronal structures is intriguing given that blood flow is 

redistributed away from the cortex during profound asphyxia (Jensen et al., 1987). 

Although some have suggested a selective vulnerability of the cortex to ischaemia in term 
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fetal sheep (Berger et al., 1996), this is likely mediated by relatively poor perfusion in the 

watershed area supplied by the carotid arteries. There was some evidence from Chapter 

4 that laser Doppler derived cortical blood flow was maintained over the first half of 

UCO, rather than being redistributed. Thus, the most likely explanation for the difference 

in cortical injury is firstly a greater absolute insult duration, and secondly an absence of 

perfusion in the watershed zone relative to the ongoing perfusion of deeper structures 

during carotid artery occlusion. 

In near-term fetuses electrocortical activity was rapidly suppressed at the onset of 

asphyxia as shown in Chapter 5, reducing oxygen demand. It is highly likely that the sub-

cortical nuclei have a much greater oxygen demand, and thus although they are 

preferentially perfused during the early phases of profound asphyxia (Jensen et al., 1987), 

once hypotension develops the intra-cerebral redistribution of blood flow must fall, 

leading to critically low total perfusion. In Chapter 5 the NIRS defined cytox signal 

changes were markedly different in near-term compared with preterms, showing a more 

rapid initial increase in oxidised cytochrome C oxidase, but then a dramatic reduction 

after 6-8 min, in contrast to the maintained oxidation in preterms. We speculated that this 

may reflect a loss of actively mediated metabolic suppression and/or mitochondrial 

permeability transition with exposure of cytochrome C to the reducing environment of 

the cell. Near-term fetal sheep and anaesthetised newborn piglets response to forebrain 

ischaemia are reportedly to show an immediate reduction in cytox (du Plessis et al., 1995; 

Marks et al., 1996b; Bainbridge et al., 2013). In this setting combined NIRS and MRS 

studies have revealed a close correlation between a reduction in cytox and a reduction in 

brain nucleoside triphosphates and phosphocreatine (Bainbridge et al., 2013). However, 

preterm fetal sheep exposed to 25-30 min UCO also develop severe basal ganglia injury. 

Thus this does not reconcile the constant elevation of cytox in preterm fetal sheep as 
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shown in Chapter 4 with the profound injury that also occurs in that paradigm (Bennet et 

al., 2007c). Speculatively, it is possible that the mitochondria are not acutely injured in 

the preterm, and thus do not show a reduction of cytox. However, there was a significant 

secondary deterioration in cytox during recovery, suggesting a failure of mitochondrial 

oxidative function. Although this could also simply reflect total cell loss, there is strong 

evidence of caspase-3 activation at this time rather than necrotic cell death. Moreover, 

notwithstanding the different requirement for aerobic metabolism and differences in 

metabolic suppression, it is unlikely that there would be an intrinsic difference between 

preterm and near-term mitochondria per se. 

If there was a neuroprotective intervention it would be desirable to have 7 d recovery. In 

my study, brain injury was assessed by histopathology at 3 d after UCO. This time point 

was chosen as it is beyond the secondary neural injury phase, and at a time point where 

neuronal loss could be assessed with acid-fuchsin thionine staining. To fully characterise 

the injury further neuronal and oligodendroglial counts, as well as markers of evolving 

cell death and proliferation such as caspase-3 and Ki-67 respectively would be needed. 

Because cell death continues to evolve ideally a long recovery would allow the injury 

evolution to be determined (Davidson et al., 2012b). This also allows better assessment 

of EEG recovery, or the return of sleep wake cycling (Davidson et al., 2012b). However, 

because of the induction of labour by UCO, there would also be ongoing concerns for 

this, and some tocolytics are associated with neuroprotection (Burke et al., 1984; Grether 

et al., 2000; Alberdi et al., 2002). Because of this limitation, we chose 3 d recovery for 

the study.  
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10.1. Maturational aspects of perinatal brain injury 

It is unclear why the preterm brain is more resistant to HI than at term. Some have 

speculated that there is greater and more prolonged inhibition of cellular metabolism in 

the preterm brain during HI. This is improbable. In Chapter 5 we demonstrated that 

inhibition of EEG and cytox were greater in the term brain than at 0.6 or 0.7 ga, and our 

laboratory has previously demonstrated that reducing metabolic inhibition with DPCPX 

was associated with greater injury in the near-term fetal sheep (Hunter et al., 2003). 

Further, levels of inhibitory neurotransmitters are several orders or magnitude higher than 

baseline during asphyxia (Kjellmer et al., 1989; Tan et al., 1996). 

The more likely explanation for this greater neural tolerance to HI is a lower fixed aerobic 

requirement in the preterm brain (Berger et al., 1992), combined with greater cardiac 

anaerobic tolerance (Shelley, 1961). This would be consistent with the NIRS changes that 

were reported in Chapter 3, whereby there was greater initial oxidation of cytox in the 

near-term fetal sheep but then a dramatic fall from 5-7 mins to values below baseline, 

while the preterms maintained the initial increase. It was unlikely to be related to changes 

in blood pressure and perfusion as the preterms maintained the elevation for the duration 

of UCO despite a similar late fall in blood pressure and perfusion. It is also unlikely to be 

associated with the large changes in THb which in theory could interfere with the weaker 

cytox signal, as there were similar changes between the preterm and near-terms.  

As speculated in Chapter 5 this difference could represent the onset of primary cortical 

mitochondrial failure, whereby mitochondrial membrane permeability transition is 

followed by exposure of cytox to the reducing environment of the cell. The precise depth 

of NIRS penetration is unclear, but generally in is considered half of the optode distance 

(Pellicer & Bravo Mdel, 2011). If it was relatively shallow then the cortex would 
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dominate the absorption. Thus, this could underlie the difference in cortical injury seen 

between the preterm and the near-term, and is only seen with longer periods of UCO in 

the near-term, consistent with the changes in laser Doppler derived cortical flow. Whereas 

it is seen immediately in ischaemia models, where NIRS probes are placed over the 

watershed area of the parietal cortex that is immediately associated with poor perfusion. 

10.2.  Blood pressure support in the neonate 

Blood pressure support is common in infants requiring intensive care (Battin et al., 2009). 

While there is little evidence that dopamine and dobutamine, and routine volume 

expansion (Osborn & Evans, 2004) improve long term outcome they are commonly used 

to increase MAP. In many centres dopamine is the second option after volume 

administration to improve blood pressure in preterm neonates (Dempsey & Barrington, 

2009). 

It is unclear what constitutes hypotension in preterm neonates; for example in a study of 

84 preterm infants “ hypotension” was not related to intracranial abnormalities detected 

with ultrasound scanning (Limperopoulos et al., 2007). Indeed only when they defined 

their lowest 10th centile as hypotensive was there an association with intracranial 

abnormalities. Clearly, however, treatment should be initiated before prolonged 

hypoperfusion occurs.  

In Chapter 4 we showed that when blood pressure fell below 90% of baseline there was 

a significant correlation between a fall in CaBF and rise in cortical impedance. Most likely 

this reflects the lower limit of autoregulation (Papile et al., 1985), but it is also highly 

confounded by the profound acidaemia at that time, impairing inotropy (Friedman, 1972). 

The study showed that hypotension following recovery from profound asphyxia was 

resistant to dopamine at clinically relevant doses. The aim of our study was to exclusively 
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test the effectiveness of dopamine as a monotherapy, rather than combined with further 

inotropes and vasopressors. It is possible that combination therapy with either dobutamine 

or noradrenaline could have improved the inotropy. It is unknown whether correction of 

the profound base deficit by addition of sodium bicarbonate as is practiced clinically, 

however it is unlikely to be of benefit. Potentially, this could allow a greater inotropic 

response of the myocardium to dopamine administration, however, this did not occur 

during lactic acidaemia in pigs (Cooper et al., 1993), and there is some evidence for a 

transient reduction in contractility following bicarbonate administration (Rao et al., 

1994). There is also no association between bicarbonate administration during acidaemia 

and increased systemic or cerebral perfusion or oxygen delivery in piglets (Laptook, 

1985; Cooper et al., 1990). Further, there is no evidence that administration of bicarbonate 

to the extracellular fluid to correct intracellular pH has any effect on injury. It may also 

be associated with a paradoxical reduction in intracellular pH (Li et al., 1996). 

It is important to consider the physiological dysfunction occurring in relation to the failure 

of dopamine when considering alternatives and adjuvants. There is some evidence that 

dopamine elevates MAP by vasoconstriction rather than increased inotropy, potentially 

through mesenteric vasoconstriction (Zhang et al., 1999). These data are consistent with 

our study in Chapter 4 where we showed that dopamine had very little effect on femoral 

blood flow despite the significant increase in MAP. In preterm infants hydrocortisone can 

improve blood pressure. In addition to direct vasopressor actions it is thought to increase 

the sensitivity of blood vessels and the myocardium to adrenergic and dopaminergic 

signalling (Seri, 2001).  

There is a concern that with excessive adrenergic signalling the increased chronotropy 

may limit ventricular filling and reduce cardiac output. For example, in low birth weight 

neonates both adrenaline and dopamine were both associated with a significant increase 
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in heart rate, although the effect was greater with adrenaline (Pellicer et al., 2005).In 

Chapter 4 I showed that dopamine was not associated with a significant change in FHR, 

although FHR did increase in the pre-terminal phase before bradycardia and death, but 

this was unrelated to dopamine, and therefore dopamine was unlikely to reduce filling 

time, and thus preload. 

The goal of blood pressure support is ultimately to improve vital organ perfusion. 

Following HI in newborn piglets, adrenaline, dopamine and milrinone had a similar effect 

in raising MAP, and there were no differences between the three treatment groups in 

systemic oxygen delivery or consumption, although milrinone did improve renal 

perfusion (Joynt et al., 2010b). In newborns born at <30 weeks gestation milrinone did 

not improve low systemic blood flow compared to placebo, and heart rate was higher in 

the treatment group (Paradisis et al., 2009), potentially related to their inability to increase 

inotropy. Levosimendan is an ‘inodilator’, similar to milrinone. However, it binds to 

troponin C and stabilises the calcium bound conformation, rather than increasing 

intracellular calcium as milrinone does as a phosphodiesterase inhibitor which increases 

myocardial oxygen demand and can predispose to arrhythmia (for review see (Toller & 

Stranz, 2006; Pagel, 2007)). In a piglet model of CPB and cardioplegia induced reduction 

in cardiac output, levosimendan was associated with a greater increase in cardiac output 

and reduction in systemic vascular resistance than milrinone (Stocker et al., 2007). In 

neonates in intensive care after CPB levosimendan was associated with a reduction in low 

cardiac output syndrome, plasma lactate, and heart rate compared with standard inotrope 

infusion (Ricci et al., 2012). These data suggest that levosimendan can maintain arterial 

pressure but not at the expense of peripheral perfusion and lactate generation. One major 

limiting factor however is the requirement to load the drug slowly, otherwise there is a 

risk of developing hypotension. Whether an expedited loading strategy could be used 
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without compromising blood pressure would require pre-clinical testing. A further 

limiting factor is the high cost as it is not yet off-patent. 

We used near-term fetal sheep for the study. While fetal sheep at that age are equivalent 

to a term human fetus/neonate in terms of brain maturation, it is unclear whether they are 

also at a similar stage of cardiovascular maturation. The rate of change from 

mononucleate to binucleate myocytes and the increase in myocyte volume are broadly 

consistent between human and sheep fetuses from mid-gestation until term (Mayhew et 

al., 1997; Mayhew et al., 1998; Burrell et al., 2003),and blood pressure in near-term fetal 

sheep (Davidson et al., 2012b; Drury et al., 2012; Drury et al., 2013a) is similar to term 

human neonates (Seri & Evans, 2001; Battin et al., 2009). Sympathetic innervation of the 

fetal sheep ventricles increased dramatically between 100 d and term (Lebowitz et al., 

1972), consistent with a gradual increase in sympathetic tone on fetal heart rate variability 

between 31 and 41 weeks in human neonates (Clairambault et al., 1992). 

Given the lack of evidence or mixed evidence for most current interventions (Seri & 

Evans, 2001), future studies of blood pressure support should consider novel targets. For 

example in a small case series of ELBW infants vasopressin was highly effective in 

raising their MAP from a mean of 26 to 41 mmHg (Bidegain et al., 2010). While 

promising, its use may be limited by its anti-diuretic effects. Many neonates have oliguric 

renal failure after birth asphyxia and thus anti-diuresis is relatively contraindicated. Other 

agents could include angiotensin-II for example (Beaty et al., 1982). 

10.3.  Refining neuroprotection in the era of hypothermia 

Although cooling significantly reduces death and disability, up to half of term infants 

with HIE die, or survive with disability. Further, there are still reservations that cooling 

preterm neonate may be associated with a reduction in cardiac output, increased oxygen 
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consumption, reduced surfactant production, and increased free fatty acid breakdown for 

example (Gunn & Bennet, 2008a). It is imperative to find adjuvant therapies that will 

augment or compliment the mechanisms of hypothermia rather than overlap, and for 

neuroprotection in preterm neonates until cooling is incorporated into routine care. In 

Chapters 1.2 and 1.4 I discussed the pathophysiological process occurring during the 

evolution of injury. In the following sub-chapter I will discuss where and when potential 

adjuvant neuroprotective agents could be used to augment hypothermia. These agents 

include melatonin, nNOS or iNOS inhibition, xenon, and connexin hemichannel 

blockade. 

10.3.1. Neuroprotection peri-insult and in the latent phase  

It is unrealistic for hypothermia to be initiated during delivery or acutely after birth, even 

in a tertiary setting. Sufficiently safe pharmacological agents could be given either at 

delivery or to the mother during labour. As previously described, the primary injury phase 

is characterised by a failure of ATP production, and a mismatch in metabolism and blood 

flow despite the active suppression of cerebral metabolism. Although a significant 

elevation in excitotoxins and free radicals has been shown at this time, the elevation 

rapidly returned to near-baseline at the end of the primary insult (Tan et al., 1996; Fraser 

et al., 2008).  

In Chapters 5-7 I showed the neuroprotective effects of prophylactic melatonin and JI-10 

on brain injury after 25 min UCO in preterm fetal sheep. Both agents were administered 

15 min before UCO. It is highly likely that they had crossed the blood brain barrier before 

UCO.  

Melatonin was associated with a significantly faster EEG recovery after UCO compared 

with the saline treated fetuses. It is possible that this was related to mitochondrial 
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protection by melatonin, mediated though stabilisation of the mitochondrial permeability 

transition (Andrabi et al., 2004; Jou et al., 2004), or its anti-oxidant action (Wakatsuki et 

al., 2001). Both in-vitro and in-vivo studies have demonstrated significant protection of 

mitochondrial function by melatonin following HI (Jou et al., 2004; Watanabe et al., 

2004; Duan et al., 2006; Lopez et al., 2009; Petrosillo et al., 2009b; Jou et al., 2010; Kaur 

et al., 2013). Moreover, this could have been related to reduced cell membrane damage 

through lipid peroxidation, which has been shown by Yawno and colleagues in near-term 

fetal sheep (Yawno et al., 2012). There is some evidence that melatonin can slow the 

delivery of substrate from the Krebs cycle to the electrons transport chain, and so reduce 

oxidative stress in the rodent liver (Reyes-Toso et al., 2003; Reyes-Toso et al., 2006). 

Melatonin has also shown a direct beneficial effect on respiratory centres I and III 

function following ischaemia-reperfusion (Petrosillo et al., 2006), and prevented 

mitochondrial calcium overload during HI in the rodent brain (Jou et al., 2004). 

Prophylactic selective nNOS inhibition with JI-10 was associated with a significant delay 

before the onset of secondary mitochondrial failure and seizures after UCO. Similar to 

melatonin, this could have been acting to protect mitochondrial function by reducing the 

production of peroxynitrate and thus nitrosative stress. Alternatively it may have 

increased ATP generation capacity by reducing the amount of NO, which is known to 

compete with molecular oxygen for binding to cytox (Jekabsone et al., 2007). In the gerbil 

striatum, NO metabolite levels were significant reduced acutely during HI but were then 

significantly elevated immediately after reperfusion. This elevation in NO was prevented 

by nNOS inhibition and partly by eNOS inhibition (Adachi et al., 2000). Further, the 

study showed that the CA1 region of the hippocampus appeared to have less nNOS and 

more eNOS immunostaining than other regions (Adachi et al., 2000). Potentially, this 

may explain less neuroprotection of the hippocampus as reported in Chapter 6. These data 
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are consistent with a similar study that showed significantly elevated nNOS activity after 

HI from +30 min to +48 h in the neonatal rat brain (van den Tweel et al., 2005).  

Elevated NO levels inhibit mitochondrial respiration by competing with oxygen. This 

phenomenon can affect neighbouring cells (Brown, 1997). Thus although there is ongoing 

active suppression of cerebral metabolism during and after UCO, the additional inhibition 

of mitochondrial respiration by elevated NO may be deleterious. It is unclear whether a 

reduction in NO competition with oxygen for cytox would manifest as a change in the 

signal detected by NIRS. In my study, there was no significant effect of nNOS inhibition 

until +3h after UCO. Moreover, it is possible that NO was also produced by eNOS  (Wei 

et al., 1999a), although eNOS inhibition was deleterious following HI as mentioned in 

the introduction (Marks et al., 1996a). 

Intriguingly, Adams and colleagues showed that nNOS was critical for survival from 

ventricular fibrillation in adult pigs, while iNOS inhibition prevented post-ischaemic 

hyperperfusion (Adams et al., 2007). It is possible that the nNOS inhibitor used in their 

study, 1-(2-trifluoromethylphenyl) imidazole, was not selective enough for nNOS and 

had an additional interaction with eNOS, as the study showed a similar poor survival with 

eNOS inhibition (Adams et al., 2007). In Chapter 6 I showed that JI-10 was not associated 

with cardiovascular compromise during UCO. 

10.3.2. Latent and secondary phase neuroprotection 

As discussed in the introduction, the transition into the latent phase is characterised by an 

apparent restoration of cellular homeostasis, with ongoing active suppression of cerebral 

activity. Neural rescue strategies begun within the latent phase are neuroprotective (Gunn 

et al., 1998b), while there is a dramatically reduced effect when started after the onset of 

secondary mitochondrial deterioration and seizures (Gunn et al., 1999). The window of 
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opportunity may be even shorter for white matter protection (Roelfsema et al., 2004). In 

a post-hoc analysis several of the TOBY trials authors showed that up to 14% of neonates 

began cooling after 6 h (Azzopardi et al., 2009), in fact only half of the neonates started 

cooling within 4 h. Thus, any treatment strategy that prolongs the latent phase and delays 

secondary mitochondrial failure could potentially allow more neonates to benefit from 

hypothermia treatment (Thoresen et al., 2013). 

In Chapter 6 and 7 I showed that prophylactic JI-10 was associated with a significant 

delay in the onset of secondary mitochondrial deterioration and seizures compared with 

saline treated fetuses. From ~+6 h cytox had fallen below baseline in the saline treated 

fetuses, consistent with the onset of seizures at this time. However it did not fall to a 

similar level until +9-10 h in the JI-10 treated fetuses, again consistent with the onset of 

seizures. It is possible that a more prolonged infusion of JI-10 could have been more 

beneficial. JI-8, the predecessor of JI-10, was associated with ongoing protection of 

mitochondrial function for 3-5 d when administered continuously after HI in neonatal 

rodents (Rao et al., 2011a). Consistent with these data prophylactic nNOS inhibition was 

associated with significantly reduced caspase-3 immunostaining at +24 h in the penumbra 

following adult HI in adult rats (Sun et al., 2009), suggesting reduced ongoing apoptosis. 

The finding of delayed loss of cytox and delay in seizures may also increases the window 

of opportunity for initiation of hypothermia. 

Melatonin can inhibit intrinsic apoptosis by targeting Bcl-2 in mitochondria (Radogna et 

al., 2008), possibly through increased Bax-XL, and also reducing cytochrome c leak into 

the cytoplasm (Yon et al., 2006). This could be consistent with the greater recovery of 

EEG power in the secondary neural injury phase in the melatonin treated fetuses. We also 

showed a greater suppression of Iba-1 and a greater restoration of mature 

oligodendrocytes in the melatonin treated fetuses, potentially consistent with reduced 
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injury, and a reduced stimulus for maturational arrest (Back et al., 2002; Segovia et al., 

2008; Buser et al., 2012). Moreover, there is some evidence that melatonin can protect 

against injury induced by kainic acid induced seizures in rats (Mohanan & Yamamoto, 

2002; Yamamoto & Mohanan, 2003), although as discussed in Chapter 10.1 this is 

unlikely to contribute to further injury in preterm fetal sheep. In neonatal piglets 

Robertson and colleagues demonstrated that very high dose melatonin augmented the 

neuroprotective effects of hypothermia after HI (Robertson et al., 2013b). Combination 

therapy was associated with a significant reduction in cerebral lactate and elevation in 

available phosphate stores as assessed by MRS. 48 h after HI there was also a significant 

reduction in TUNEL positive cells in the basal ganglia and hippocampus, but not in the 

cortex white matter, or thalamus. Importantly, there was protection in the hippocampus, 

a region where hypothermia has shown mixed neuroprotective effects in previous studies 

(Gunn et al., 1998b; Tooley et al., 2003; Bennet et al., 2007c). Interestingly there was no 

reduction in Iba-1 immunostaining, whereas in our study there was a significant 

reduction.  

Xenon is an inert gas that has anaesthetic properties. Similar to the melatonin study above 

it can augment hypothermic neuroprotection in neonatal rat and piglet HI models (Hobbs 

et al., 2008; Chakkarapani et al., 2010; Faulkner et al., 2011a). It can also supress seizure 

activity (Azzopardi et al., 2013), and improve cerebral autoregulation in HIE 

(Chakkarapani et al., 2013). Similar to the combined melatonin and hypothermia studies 

however, there was only a significant reduction in injury in certain brain regions, with 

high variability between groups. Faulkner and colleagues showed that combination 

treatment was associated with a significant reduction in TUNEL positive cells in the 

putamen and parasagittal cortex, and a reduction in caspase-3 positive cells in the 

parasagittal cortex (Faulkner et al., 2011a). There were no differences between groups in 
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the thalamus, caudate, PVWM and hippocampus. It is possible that this lack of 

significance was related to the timing of post-mortem post-insult, and there may have 

been a more substantial effect on cell counts at +72 h. However, the TUNEL and caspase-

3 should be elevated at this time and reflect any differences in dying cells. 

Further, in this intensive care paradigm there were several limiting factors of the 

preparation. For example, 48 h post-insult is before cell death is likely to be complete. 

Moreover, hypothermia was depowered; while melatonin was given at only +10 min, 

hypothermia was initiated at +2 h after HI, but continued for only 24 h whereas the 

standard protocol is 72 h, as 24 h of hypothermia is not neuroprotective (Thoresen et al., 

2001), nor is delayed treatment (Gunn & Thoresen, 2006). Together, this de-powers the 

neuroprotective effect of hypothermia (Faulkner et al., 2011a; Sabir et al., 2012), and so 

could potentially increase the apparent effectiveness of melatonin and xenon. Other 

studies have shown that when a standard hypothermia protocol was used, co-treatment of 

hypothermia with IGF-1 did not augment hypothermic neuroprotection (George et al., 

2011), and early glutamate receptor blockade did not augment protection with prolonged 

hypothermia after profound asphyxia (George et al., 2012). 

One exciting approach is connexin hemichannel blockade. We have previously shown a 

strong neuroprotective effect following cerebral ischaemia in near-term fetal sheep 

(Davidson et al., 2012b). Hypothermia improved cortical structure and suppressed 

cytotoxic oedema with a modest effect on seizure amplitude (Gunn et al., 1997; Bennet 

et al., 2007c), and was associated with delayed return of sleep state cycling (Thoresen et 

al., 2010). However connexin hemichannel blockade dramatically reduced seizures with 

a more modest effect on cortical structure (Davidson et al., 2012b). The complete absence 

of status epilepticus is particularly notable, given the resistance of neonatal seizures to 

conventional treatment (Painter et al., 1999), and the incomplete suppression with 
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hypothermia. Thus, these data strongly infer that these therapies work through 

complimentary mechanisms. Combination therapy with hypothermia is currently being 

undertaken in our laboratory. 

10.3.3. Enhancing endogenous repair 

Following HI there is repair and restorative proliferation to replace lost cells. Some 

believe that the origin of this proliferation is from the sub-ventricular zone (Plane et al., 

2004; Ong et al., 2005; Yang et al., 2009), while others have shown oligodendrocyte 

proliferation within the striatum and cortex (Dizon et al., 2010). These cells migrate in 

the direction of injury (Sundholm-Peters et al., 2005; Yang et al., 2009), with long term 

increased proliferation from the sub-ventricular zone towards the striatum after HI in 

neonatal rats (Yang & Levison, 2007). There is some evidence that survival of 

proliferating cells may be impeded by lack of trophic support (Ong et al., 2005). 

Moreover, seminal studies by Back and colleagues have shown that despite the 

impressive restorative proliferation or preOLs after HI there is a maturational arrest of 

the proliferating preOL cells. In a human neonatal cadaveric series this was proportional 

to the size of the astrogliotic lesion (Segovia et al., 2008; Buser et al., 2012). The 

mechanisms of this arrest or delay of maturation are unclear. Potentially, they may relate 

to changes in the extracellular matrix around the site of injury which impedes the passage 

of the migrating progenitors (as reviewed by Dean et al, Ped Res 2013, in press). 

Consistent with these data, in Chapters 5-7 we showed that there was no difference 

between the total number of oligodendrocytes between sham UCO and all UCO-saline 

and UCO treatment groups. However, there was a significant reduction in the number of 

mature oligodendrocytes after UCO, and a significant increase in Ki-67 positive 

immunostaining that co-localised with immature oligodendrocytes. This combination of 
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findings suggests that there was a large population of proliferating oligodendrocytes that 

failed to mature as rapidly.  

While there is some evidence that nNOS suppression is associated with increased 

neurogenesis after HI (Sun et al., 2005; Luo et al., 2007), it is unclear whether this 

proliferation is also impeded by the mechanisms described above, and there are currently 

no studies demonstrating a treatment to prevent this arrest. However, treatment with JI-

10 did restore mature oligodendrocytes to sham UCO numbers in the PVWM, thus these 

mature oligodendrocytes may not have been affected by the maturational arrest. 

Alternatively, less could have died from the insult. However there was still a significant 

increase in Ki-67 immunostaining in the PVWM which suggests that there were similar 

levels of restorative proliferation.  

Ultimately, the restorative proliferation may not completely restore the oligodendrocyte 

population. Therefore there is growing interest in the use of stem cells to repair or replace 

injury following HIE. Human amnion epithelial cells are pluripotent, do not express MHC 

class molecules so have low immunogenicity, and do not form teratomas (Murphy et al., 

2010). This makes them an attractive option for use in autologous or allogenic 

transplantation in neonates with HIE. Administration of these cells in a mouse bleomycin-

induced lung injury model was associated with reduced inflammation, and reduced 

collagen deposition and fibrosis (Moodley et al., 2010).  

In a model of preterm LPS induced brain injury human amnion epithelial cell 

administration was associated with a reduction in the LPS induced elevation in microglia 

in the cortex and white matter tracts (Yawno et al., 2013a), and with a significant 

reduction in albumin extravasation. The LPS induced elevation in TUNEL positive cells 

was reduced in the cortex and PVWM but not in the sub-cortical white matter or 
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hippocampus. However, there was no improvement in the reduced NeuN immunostaining 

in the cortex. Co-localisation showed that astrocytic but not neuronal immunostaining 

was highly associated with the fluorophore loaded on the human amnion epithelial cells, 

suggesting a transformation primarily into an astrocytic phenotype. Given that there was 

no change in astrocyte counts between any groups these data suggest that the stem cells 

are working via and anti-inflammatory mechanism rather than replacing lost neurons or 

glia. While no anti-inflammatory agents have shown protection in HIE, hypothermia itself 

has a potent inflammatory modulating effect (Ceulemans et al., 2010; Meybohm et al., 

2010a; Ceulemans et al., 2011; George et al., 2012) (and as reviewed in introduction 

chapter 1.4). 

10.3.4. Drug delivery of neuroprotective agents 

We used a very low dose of melatonin to minimise the amount of ethanol the fetus 

received. Despite our initial reservations about ethanol as a diluent it showed some 

neuroprotective effects, confounding the effects of melatonin in the basal ganglia. As 

mentioned in Chapter 5 ethanol has shown neuroprotective effects in experimental stroke 

(Wang et al., 2012a), and in adult human ischaemic stroke is inversely related to ethanol 

consumption (Collins et al., 2009). Given its mixed effects it is unlikely to be used as an 

adjuvant therapy with hypothermia. Thus future protocols will need to address the issue 

of drug delivery in this setting. Alternatively, melatonin could be given orally to the 

mother in labour. 

Most agents previously used as a diluent vehicle have shown some interaction with HI in 

adult or perinatal settings. For example, DMSO was associated with widespread apoptosis 

in the developing rodent brain (Hanslick et al., 2009), can further open the blood brain 

barrier after HI (Kleindienst et al., 2006), and there are case reports of focal infarction in 
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human subjects where DMSO had been used as a preservative for stem cell 

transplantation (Hentschke et al., 2006; Chen-Plotkin et al., 2007). Moreover, DMSO has 

shown some neuroprotective effects in adult stroke models (Bardutzky et al., 2005), 

potentially via reduced oedema and intracranial pressure (Pitts et al., 1986).  

Polyethylene glycol is an attractive option to use as a solvent as there is no evidence of a 

deleterious effect, although it has shown mild to moderate neuroprotective effects when 

used on its own, as has cyclodextrin (Rivers-Auty & Ashton, 2013). We have previously 

used sodium hydroxide as a diluent, reassuringly ~30 ml of 0.1 mMNaOH over 60 min 

did not alter the acid base status or buffering during umbilical cord occlusion (Hunter et 

al., 2003). Many others have used ethanol as a diluent, especially for melatonin 

preparations (Yawno et al., 2012; Robertson et al., 2013a).  

A further parenteral route is i.p. administration which has been used in adult stroke 

models with peanut oil (Faraci & Brian, 1995; Adachi et al., 2000). This option is 

attractive in that it does not require a solvent. However, gut blood flow is suppressed after 

asphyxia (Quaedackers et al., 2004a) which is one of the reasons enteral options are less 

useful in HIE, and would thus be in part dependant on lymphatic drainage which is slow.  

One future alternative will be the use of lipophilic nanoparticles for melatonin delivery, 

which is currently in development in one centre (Prof Nikki Robertson, personal 

communication). 

10.4. Controlling seizures: robbing Peter to pay Paul 

In Chapter 7 we demonstrated that there was a close correlation between seizure burden, 

the total duration of all seizure activity, and basal ganglia injury. As mentioned in the 

introduction, to show causality requires three conditions. The phenomenon correlates 

with the outcome, increasing the phenomenon increases the outcome, and decreasing the 
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phenomenon reduces the outcome. As outlined in Chapter 1.4 there is no evidence that 

reducing seizures with anti-convulsants in HIE is associated with a reduction in brain 

injury, while there is strong evidence for a dose dependant negative effect of traditional 

anti-convulsants on the developing brain (Bittigau et al., 2002; Forcelli et al., 2012).  

In Chapter 5 we showed that JI-10 was associated with a delay in the onset of seizures, in 

association with a delay in the onset of secondary mitochondrial deterioration. Similarly, 

others have shown correlation between the onset of secondary neurological deterioration 

and cytox dysfunction (Wagner et al., 1990). Together with the evidence reviewed in 

Chapter 1.5 these data suggest that seizures are a manifestation of secondary failure of 

oxidative metabolism. During hypothermia in preterm fetal sheep, post-asphyxial 

seizures continue at lower amplitude, but with no differences in onset or total number 

(Bennet et al., 2007a). In near-term fetal sheep there was a non-significant reduction in 

seizure number (Gunn et al., 1997), and in piglets there was a significant reduction in 

seizures lasting greater than 10 min (Tooley et al., 2003). Clinically, hypothermia 

significantly reduced seizure burden in term neonates with moderate, but not severe HIE 

(Low et al., 2012; Srinivasakumar et al., 2013b). Taken as a whole these data suggest that 

seizures are a manifestation of evolving injury, but that status epilepticus remains a 

concern if it is not suppressed by hypothermia.  

Newer generation drugs have shown less adverse effect in cell culture, for example 

leviteracetam (Forcelli et al., 2012). Moreover, pilot studies of bumetanide are underway 

in Boston, USA to determine pharmacokinetics in term newborns with HIE (Vanhatalo 

et al., 2009; Chabwine & Vanden Eijnden, 2011) and (NCT00830531). There is still the 

need for large animal pre-clinical studies of this agent. While ideally this could be studied 

following profound asphyxia in near-term fetal sheep, this paradigm requires further 

refinement to improve the survival rate, and thus cerebral ischaemia could be used. This 
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would allow investigation of the neural injury in isolation, although monitoring urine 

output would be helpful as a surrogate marker of bumetanide levels.  

As previously mentioned, xenon is currently being trialled as an adjuvant to hypothermia 

in term neonates. There is some evidence from human trials that in addition to its 

neuroprotective properties xenon is a potent anti-convulsant with a fast onset of action 

(Azzopardi et al., 2013), showing that its anti-convulsant effect is independent of its 

neuroprotective properties. However, experimentally, xenon had no additional effect on 

seizures in piglets undergoing hypothermia after HI (Chakkarapani et al., 2010). 

Although both studies had xenon initiated at the same time as hypothermia the 

experimental study used 50% inhaled xenon while the clinical study used only 30%. The 

higher dose reflected the anaesthetic properties of xenon required in this preparation, and 

the piglets were maintained under general anaesthetic for the duration of the experiment 

with xenon replacing isoflurane for the duration of xenon treatment. However 

remifentanil was continued in all groups, which could modulate seizure activity 

(Tommasino et al., 1984; da Silva et al., 1999). In the clinical study traditional 

anticonvulsants were also used, and thus xenon may have synergised with these. 

The occurrence of status epilepticus could cause new brain injury, as status epilepticus 

places a profound metabolic burden that cannot be readily met by increasing blood flow. 

However, hypothermia reduces metabolism, seizure amplitude and seizure burden. 

Speculatively, it is likely that it is also associated with reduced mitochondrial stress and 

membrane permeability transition. 

While 9-23% of neonates being cooled had status epilepticus (Glass et al., 2011b; 

Wusthoff et al., 2011), there was no relationship between status epilepticus and outcome 

in 43 term neonates who were not treated with hypothermia (Nagarajan et al., 2011), 
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although there was a strong association with moderate-severe injury in cooled neonates 

(Glass et al., 2011b). Status epilepticus was also independently associated with later 

epilepsy in mixed hypothermia and normothermia neonates with HIE, although 

hypothermia may modulate this interaction (Glass et al., 2011a). While many 

experimental studies have demonstrated deleterious effects of status epilepticus in adult 

species the evidence is not as clear in the perinatal brain. As reviewed in (Rajasekaran et 

al., 2010) and Chapter 1.3 drug induced status epilepticus was not associated with neural 

injury or subsequent epilepsy in the majority of preterm or term equivalent paradigms. 

The only setting in which epilepsy developed was following pilocarpine induced seizures 

in term equivalent rodents (Rajasekaran et al., 2010). However, this was confounding by 

mild but widespread injury, including to the cortex. Along with the evidence to show little 

injury despite a large mismatch in metabolism and blood flow further suggests that the 

neonatal brain is resistant to seizure induced injury, even following status epilepticus 

where that majority of drug induced status epilepticus rodent studies were not associated 

with neural injury (Rajasekaran et al., 2010). 

In Chapter 7 we showed that in near-term fetal sheep status epilepticus was associated 

with significantly greater injury to the basal ganglia, thalamus, and cortex, compared to 

fetuses that had discrete seizures only after UCO. We cannot rule out the possibility that 

status epilepticus caused greater injury in this group, however, the duration of UCO was 

longer than in the fetuses with discrete seizures, which likely explains the greater injury 

and thus greater seizures as a manifestation of this.  

10.5.  Near-infrared spectroscopy: hope or hype? 

Since the inception of NIRS as a brain monitoring tool in the 1970’s there has growing 

uptake as an investigation in routine clinical practice, despite no evidence to support its 
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use for informing management decisions. There have been several influential studies 

showing the ability of NIRS to discriminate between neonates with suspected HIE who 

develop brain injury and those who do not. For example, Toet and colleagues showed that 

terms infants with birth asphyxia and an adverse outcome developed increased 

intracerebral oxygenation and reduced EEG activity compared to those with a non-

adverse outcome (Toet et al., 2006).  However, these changes were only apparent from 

24 h, while before this time there were no differences between groups. Thus although 

providing some prognostic information it did not add anything above the EEG data, and 

could not discriminate early enough to be of use for identifying evolving brain injury in 

that setting. In a study of 18 term neonates with HIE intracerebral oxygenation was not 

associated with short term outcome such as MRI either during cooling or during 

rewarming (Shellhaas et al., 2013). In Chapter 5 we showed that JI-10 administration was 

associated with a delayed in the deterioration of cytox following UCO in association with 

a delay in seizure onset, consistent with delayed onset of secondary energy failure. Thus 

it is possible that this could be used clinically as a prognostic indicator of the onset of 

seizures and the requirement for anti-convulsants. To date there have been no clinical 

studies comparing the sub-acute to chronic changes in cytox with outcome, and it is 

unfortunate that new clinical NIRS devices no longer have the option of recording cytox 

as thus future clinical studies will not include this. Fortunately, several large animal 

laboratories still use NIRS with cytox (Bennet et al., 2007b; Bainbridge et al., 2013). 

The first randomised clinical trial using NIRS based clinical decision making is underway 

in Europe (Hyttel-Sorensen et al., 2013). This study aims to determine whether NIRS 

monitoring of extremely preterm(up to 26 weeks and 6 days) neonates in the first 72 h of 

life can improve neurological outcome. While all neonates will be monitored with NIRS, 

half of the clinical teams will be blinded to the data, the other half will include the data 
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in clinical decision making based on an established algorithm of intervention for 

derangements of intracerebral oxygen saturation above 85% or below 55% as defined on 

INVOS, NIRO, and NONIN EQUANOX oximeters. However, several studies have 

shown poor agreement between the rSO2 and TOI indices during simultaneously 

measurements with both INVOS and NIRO devices (Gagnon et al., 2002; Dullenkopf et 

al., 2003; Pocivalnik et al., 2011; Dix et al., 2013). Some of these studies reported 

differences as high as 10%, this discrepancy may confound the results of this clinical trial. 

There are now several studies showing the changes in NIRS derived cerebral oxygen 

saturation during birth transition, with similar values in both term and preterm neonates 

(Noori et al., 2012; Binder et al., 2013; Pichler et al., 2013). These have shown close 

agreement in the absolute saturation values; ~40% at 2 min,~70% at 5 min, and ~80% at 

10 min with a plateau. It will be interesting to contrast values derived from neonates 

requiring resuscitation with these normative values to investigate whether NIRS can 

identify the impact of interventions such as resuscitation for example. Such a study would 

be logistically challenging (Wyckoff, 2013). 

In addition to sub-acute and chronic monitoring there may be a role for NIRS in 

determining cerebral autoregulation and deoxygenation acutely during procedures or 

cardiac surgery in the neonate. There are now several excellent studies showing that NIRS 

can identify neonates with a pressure passive cerebral autoregulation(Soul et al., 2007; 

Brady et al., 2010).Moreover, NIRS defined cerebral deoxygenation during cardiac 

surgery may be useful in predicting later neurological outcome (Sood et al., 2013). 

There is some evidence from the adult literature that NIRS monitoring may identify poor 

perfusion during surgery that correlates with later neurological outcome (Slater et al., 

2009), and that using NIRS monitoring based intervention may improve neurological 
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outcome after selective cerebral perfusion during aortic surgery (Senanayake et al., 2012). 

One study found no difference in new brain injury 7 d post-surgery between 2V and SV 

groups despite significantly greater NIRS defined desaturation below 45% in the SV 

group both during and after surgery (Andropoulos et al., 2013). However, there were no 

specific within subjects regression performed and comparisons were made between whole 

groups. Moreover, in a study of neonates with mixed cardiac lesions there was a weak but 

significant association shown between desaturation below baseline rSO2 during surgery 

with receptive communication deficits, and between post-operative desaturation below 

baseline rSO2 with cognitive deficits (Sood et al., 2013). Given that much of the variation 

in brain injury is explained by diagnostic group (Beca et al., 2013), it is important to 

assess the relationships within diagnostic group. Indeed, low rSO2 early after the 

Norwood procedure for hypoplastic left heart syndrome was strongly associated with 

worse neurodevelopmental outcome (Phelps et al., 2009). 

In Chapter 7 we showed in neonates with TGA, a common and very homogenous lesion, 

that DHCA was associated with increased TOI after surgery compared with infants who 

did not have DHCA. However, this was not associated with a change in brain injury as 

assessed on MRI. Despite the significant differences between groups in TOI they were 

still within what is considered a “normal range” for TOI, so this small difference may not 

have been wide enough to discriminate. However, this is still consistent with elevated 

oxygenation following a sentinel event at birth in term neonates (Bennet et al., 2006b; 

Jensen et al., 2006; Toet et al., 2006); as mentioned in Chapter 1 both mild and severe HI 

are associated with similar suppression of metabolism, and likely increased intracerebral 

oxygenation (George et al., 2004; Bennet et al., 2006b; Jensen et al., 2006; Keogh et al., 

2012b).While long periods of DHCA are associated with more seizures in the post-

operative period (Gaynor et al., 2005), the brief period used in Chapter 7 was still 
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associated with a small difference in TOI despite no difference in seizures or MRI defined 

injury. 

10.6.  Summary 

In the introduction of this thesis the requirement for an asphyxial model of term HIE was 

discussed. Chapter 3 reported characteristics of such a model in near-term fetal sheep. 

The severity and pattern of brain injury was highly consistent with the clinical setting. 

While the high mortality rate was consistent with the natural history of severe HIE at 

term, it provided a mechanistic insight into the pathophysiological changes following 

profound UCO. Chapter 4 described an intervention to remedy this high mortality. 

Dopamine infusion for post-asphyxial hypotension was ineffective in maintaining blood 

pressure, and did not reduce mortality. While I used monotherapy, clinically dopamine 

could be combined with dobutamine, hydrocortisone, or base deficit correction for 

example. However, there is little evidence that multimodal therapy is superior. Further 

work is required to optimise blood pressure control in this setting and reduce mortality.  

Chapter 5 demonstrated the maturational differences in the response of the fetus to 

asphyxia. Consistent with previous data the near-term fetuses showed a greater and more 

rapid suppression of EEG activity than preterm fetuses. There were similar changes in the 

haemoglobin chromophores between the near-term and preterm fetuses. However, cytox 

showed a profound reduction in the near-term fetuses after ~10 min, in contrast to 

continued elevation during UCO in the preterms. The cause of this is unclear, but may 

relate to a loss of mitochondrial membrane integrity, or pore opening, with subsequent 

exposure of the enzyme to the reducing environment of the cell. Alternatively, it could 

represent a loss of inhibition with restoration of electron flow down the electron transport 
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chain. To confirm this acute ex-vivo investigation of mitochondrial function would be 

required, which is technically difficult in this preparation. 

Chapters 6, 7 and 8 demonstrated the neuroprotective properties of one FDA approved 

and one non-FDA approved drug. Prophylactic maternal melatonin at very low dose was 

partially neuroprotective after profound asphyxia in preterm fetal sheep, however the 

ethanol diluent was also partially neuroprotective, partly confounding the effect of 

melatonin. Novel drug delivery techniques are required to study the effects of melatonin 

alone. Prophylactic JI-10 showed significant neuroprotection, particularly in the basal 

ganglia, and delayed the onset of secondary energy failure and seizures. It would be of 

great interest to test the effect of a more prolonged infusion of JI-10, although the effect 

demonstrated in my study may help improve the window of opportunity for other 

neuroprotective therapy such as hypothermia. 

Finally, in Chapter 9 the effect of DHCA during the arterial switch operation on 

subsequent intracerebral oxygenation was shown. DHCA was associated with greater 

TOI, or intracerebral oxygenation, in PICU, which is consistent with previous NIRS 

studies in term neonates with HIE after a sentinel event. However, in our study there were 

no differences in MRI defined brain injury at 7 d after surgery. The lack of association 

between elevated TOI and subsequent brain injury in this study is likely due to the short 

duration of DHCA leading to transiently reduced metabolism only. There was less brain 

injury overall compared to other reports, thus reducing the potential to show differences. 

NIRS may be most useful in high risk cardiac surgery such as the Norwood procedure for 

hypoplastic left heart syndrome, although this association has not been reproduced. This 

illustrates the importance of understanding the physiology of intracerebral oxygen 

saturation and the effect of cerebral metabolism in this setting.  
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