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Abstract 

This doctoral thesis explores the mechanisms of hypoxic-ischemic brain injury in preterm 

and term-equivalent fetuses, the role of potential biomarkers for compromise and neuronal 

injury, and tests potential neuroprotective interventions after perinatal hypoxia-ischemia. 

The effects of antenatal hypoxia on neural adaptation to early labor remain unclear. My first 

study showed that brief occlusions of the umbilical cord, repeated at a frequency consistent 

with first-stage labor, do not cause fetal compromise in healthy term-equivalent fetal sheep, 

whereas fetuses with pre-existing stable hypoxia developed progressive hypotension and 

cephalic hypoperfusion, with progressive suppression of electroencephalogram activity and 

development of stereographic seizures, consistent with earlier onset of neural damage. 

ST waveform analysis of the fetal electrocardiogram can help detect hypoxia during labor, 

but it is unclear whether it identifies fetal compromise. I found a maturational relationship 

between the ST waveform response and the development of progressive hypotension and 

cephalic hypoperfusion during severe asphyxia, and show that the T/QRS waveform is a 

reliable indicator of fetal hypoxia, but not fetal compromise at any gestational age. 

Mild hypothermia is now standard of care for term newborns with hypoxic-ischemic 

encephalopathy in developed nations, but it has not been tested in preterm infants. Future 

trials of cooling in preterm infants should include monitoring to assess whether infants are 

benefitting from therapeutic hypothermia. My study showed that early recovery of spectral 

edge frequency may be a biomarker of hypothermic neuroprotection in the preterm brain.  

There are no proven therapeutic interventions for hypoxic-ischemic preterm brain injury. 

Recombinant human erythropoietin (rEpo) is neuroprotective after hypoxia-ischemia in 
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neonatal rodents, but there is little evidence in the preterm-equivalent brain. We found that 

prolonged infusion with rEpo after severe asphyxia in preterm fetal sheep was partially 

neuroprotective and associated with improved electrophysiological recovery. 

Finally, current hypothermia protocols for hypoxic-ischemic encephalopathy at term are 

incompletely neuroprotective. We showed that delayed high-dose infusion with rEpo in 

term-equivalent fetal sheep reduced neural loss and microgliosis in the parasagittal cortex, 

with greater recovery of spectral edge frequency after global cerebral ischemia. However, 

combined delayed rEpo plus head cooling did not augment hypothermic neuroprotection, 

consistent with overlapping mechanisms of protection. 
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Preface 

This doctoral thesis has been prepared to conform to the University of Auckland 2011 Statute 

and Guidelines for the degree of Doctor of Philosophy. Specifically, I wish to emphasize 

clause 1g-i from the recent amended guidelines dated April 2014, which stipulate the latest 

regulations regarding inclusion of peer reviewed publications in doctoral theses. 

The introduction is structured around the condition known as neonatal hypoxic-ischemic 

encephalopathy, and critically examines the existing knowledge on mechanisms of perinatal 

brain injury, and how prognostic biomarkers or neuroprotective therapies can help improve 

the adverse long-term neurodevelopmental outcomes in affected newborn infants. This first 

chapter contains two recent published reviews that expand further on our current knowledge 

regarding hypothermic neuroprotection and its interaction with other interventions. 

The second chapter provides a detailed description of the general methodology and materials 

used in my subsequent experimental studies. Specific methodologies that are germane for 

individual experiments are further described in the corresponding chapters. Chapters three 

to seven contain experimental work that is either published, submitted, or in advanced stages 

of preparation for publication. These chapters consist of a brief preceding preface, abstract, 

introduction, methods, results and discussion. Where applicable, manuscripts are formatted 

in accordance with the specific editorial requirements of the target academic journal. 

The eight chapter presents an over-arching discussion of the implications related to the 

research presented in my doctoral thesis, with suggestions for future experiments to answer 

any further critical questions that arose from the present studies. The final (ninth) chapter 

contains the complete bibliography for all the experimental work encompassed within this 

thesis. Figure and table numbers have been re-ordered to maintain consistency, and any 
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supplemental material in the original manuscript has been provided in a data supplement at 

the end of each chapter. Abbreviations and supplier details have also been reformatted to 

avoid repetition of the expanded form across chapters, except in the abstracts and legends. 

Every attempt has been made to obtain publishers permission to reprint published work. All 

co-authors have signed the required co-authorship forms disclosing their contributions to 

each chapter, in accordance with specific guidelines 4 and 35 from the 2011 (April 2014 

amendments) Statute and Guidelines for the degree of Doctor of Philosophy. Authors from 

the University of Auckland are denoted with an asterix in individual chapters, whereas all 

authors from third party institutions are stated in Arabic numerals. 
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Chapter 1 - Introduction 

1.1. The Consequences of Hypoxic-Ischemic Encephalopathy 

The critical physiological transition from fetal to extra-uterine life requires respiratory and 

cardiovascular adaptations, as sole reliance on the placental conduit to provide exchange of 

nutrients, waste products, and gases is replaced by independent lung-based breathing and 

enteral feeding. The majority of pregnancies and deliveries proceed without problems, but 

complications can arise during fetal development and around birth. This thesis investigates 

the pathophysiological mechanisms of hypoxic-ischemic (HI) brain injury in preterm and 

term human infants, examines potential biomarkers of fetal compromise and neural injury, 

and evaluates leading neuroprotective interventions after perinatal hypoxia-ischemia. 

An estimated 1 million newborns die from perinatal asphyxia annually, which accounts for 

30 percent (%) of neonatal mortality [415]. The majority (98%) of deaths are in developing 

nations, but even in industrialized countries perinatal hypoxia-ischemia is a leading cause of 

encephalopathy (HIE), with an incidence of 8-48 and 1-8 for every 1000 preterm and term 

live-born neonates, respectively [278; 454]. Thus, HI contributes disproportionately to death 

and adverse outcomes, including cognitive and behavioral deficits [127; 457]. 

These adverse events have major socio-economic implications for families, caretakers, and 

government resources. For example, estimated lifetime cost for cerebral palsy is $900,000 

per person [221], while HIE is a major contributor to global burden of disease, accounting 

for 58 million disability adjusted life years (number of years lost due to ill health, disability 

or early death) [162]. Therefore, exploring new ways to reduce perinatal HI brain damage 

and improve neurologic outcomes in affected newborns is critically important [736]. 
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1.2. The Patterns of Hypoxic-Ischemic Cerebral Injury 

The pattern of HI brain injury is highly dependent on fetal maturation (gestational age) and 

the preceding insult(s), as reviewed [587; 292]. In near-term and term infants with HIE, the 

main patterns of neuropathological injury involve damage to the parasagittal cortex and the 

basal ganglia. The former is characterized by atrophy and gliosis of parasagittal white matter, 

and in more severe cases, the overlying cortex, and the dorsolateral aspect of the basal 

ganglia [38; 177]. These anatomical watershed regions are situated near the vascular end-

zones [736] between the anterior, middle and posterior cerebral arteries. Motor disabilities 

are usually relatively mild, but these injuries are associated with behavior and neurocognitive 

deficits later in life [629; 680]. In contrast, injury to the basal ganglia and thalamus with 

occasional involvement of the hippocampus and brainstem [177], is often associated with 

acute, sentinel events like cord prolapse or uterine rupture, and severe motor deficits [321]. 

In preterm neonates, the most prevalent pathologic feature was periventricular white matter 

injury, or leukomalacia (PVL). Historically, this often involved focal cystic (macroscopic) 

or non-cystic (microscopic) necrotic lesions or extensive white matter gliosis [736]. Cystic 

necrotic lesions are uncommon now, occurring in less than 5% of preterm patients [26], 

whereas mild and diffuse white matter damage is now seen in ~82% of preterm newborns 

[439]. Histologically, diffuse white matter injury is associated with reactive astrogliosis and 

microgliosis and loss of premyelinating oligodendrocytes [178; 26]. In addition to PVL, 

asphyxia is associated with moderate to severe neuronal injury to subcortical structures 

including the hippocampus and basal ganglia, but sparing of the neocortex [37; 57]. This 

acute damage is frequently followed by impaired cerebral development [44; 178] and 

neurocognitive function in early childhood [377; 584; 31]. 

  



Chapter 1 - Introduction 

3 

An experimental approach - hypoxia-ischemia in fetal sheep  

Multiple species (e.g. rodents, pigs and non-human primates) and experimental paradigms 

have been used to study perinatal brain injury [528]. Our laboratory has validated several HI 

insults in fetal sheep [292]. In this thesis, I chose paradigms that were most suitable to 

address specific questions. For example, midgestation fetal sheep subjected to severe 

asphyxia for up to 20 minutes (min), induced via complete occlusion of the umbilical cord, 

developed minimal neural loss in the fetal brain [254; 386], whereas umbilical cord occlusion 

up to 30 minutes resulted in severe damage to the striatum, hippocampus, cerebellum and 

brainstem [254; 386]. Thus, as discussed in detail later, the immature fetus requires much 

longer durations of hypoxia-ischemia for brain damage than at term-equivalent. 

For this reason, in fetal sheep at 0.6 and 0.7 gestation (GA), we used an acute near-terminal 

asphyxial insult, induced with umbilical cord occlusion for 30 and 25 min, respectively. This 

produces a clinically relevant pattern of preterm HI brain injury, with marked damage to 

subcortical structures such as the basal ganglia, thalamus and hippocampus and diffuse white 

matter loss with death of oligodendrocytes, but sparing of the neocortex, after three days 

recovery [65]. Similarly, umbilical cord occlusion for 15 min in term-equivalent (0.8GA) 

fetal sheep was used to assess the correlation between progressive development of arterial 

hypotension and cerebral hypoperfusion due to cardiac impairment (see chapter 4 for further 

detail). This paradigm is associated with severe neuronal loss in the hippocampus and basal 

ganglia, but only mild cellular loss in the parasaggital cortex [195]. 

Experimental studies of prolonged severe asphyxia at term are challenging, as the duration 

of umbilical cord occlusion required to produce significant neuronal loss is associated with 

severe cardiac compromise and high fetal mortality [195]. Late gestation fetuses typically 

recover spontaneously from up to 12 min of umbilical cord occlusion; however, they often 
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die or require post-asphyxial resuscitation with adrenaline after 15 min of cord occlusion 

[195]. Thus, for studies of neuroprotection in the term-equivalent fetus (see chapter 7 for 

more detail), we exposed fetuses to 30 min of bilateral carotid artery occlusion [298]. This 

results in a clinically relevant watershed pattern of severe injury to the hippocampus and 

parasagittal cortex, and moderate damage to striatal and thalamic nuclei [38; 177]. 

However, it is important to appreciate that this is a functional, rather than a physiological, 

paradigm that selectively damages the fetal brain. The benefit of this approach is that any 

cardiovascular responses that might confound neural outcome are minimized. The vascular 

occluders are placed below the carotid chemoreceptors that sense a reduced partial pressure 

of oxygen (PaO2), but blood pressure is unable to restore cerebral perfusion because the 

carotid arteries are occluded and the vertebro-carotid anastomoses are ligated (see chapter 2 

for methodological details). The neural maturation of fetal sheep at 0.6 and 0.7 gestation is 

equivalent to the preterm human (26-28 and 28-32 weeks, respectively), whereas at ~0.8 to 

0.85 gestation, the sheep brain approximates that of the term (40 weeks) human. 
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1.3. The Fetal Responses to Hypoxia and Asphyxia 

Numerous metabolic and mechanic perturbations can lead to perinatal oxygen deprivation 

(hypoxia) antenatally and during parturition [263]. Broadly speaking, fetal hypoxia must 

reflect impaired placental circulatory exchange between mother and fetus, and can result 

from placental insufficiency, uterine contractions, placental abruption, or umbilical cord 

compression. If sufficiently severe, all of these insults lead to profound hypoxia, hypercapnia 

and progressive metabolic acidosis. By definition, this combination of perinatal hypoxia with 

impaired clearance of circulating metabolic products is termed fetal asphyxia. 

1.3.1. Fetal adaptations to hypoxia in the mature fetus 

Hypoxia represents one of the greatest challenges to fetal survival in utero. Consequently, 

the fetus has developed unique physiologic, structural and metabolic adaptations that allow 

it to tolerate much more prolonged oxygen deprivation than adult mammals [91]. These 

critical adaptations include a rapid bradycardia that is mediated through the vagal nerve of 

the parasympathetic nervous system (PNS), and a centralization of peripheral blood flow 

mediated via alpha-adrenergic efferents of the sympathetic nervous system (SNS, detailed 

in Figure 1.1) [264]. The magnitude of these responses is closely correlated with a relative 

reduction in fetal arterial oxygen saturation and umbilical venous blood flow [563; 342; 25]. 

For example, a rapid redistribution of combined ventricular output occurs during moderate 

hypoxia (PaO2 of 11-16 mmHg), favoring cerebral, myocardial and adrenal vascular beds 

over the gastrointestinal tract, pulmonary, cutaneous and skeletal vascular beds [265; 359]. 

These fetal responses help maintain perfusion of vital organs that are critical for survival like 

the heart, brain and adrenals while simultaneously reducing cardiac energetic expenditure 

[237] and are, during moderate hypoxia, principally mediated by peripheral chemoreceptors 

at the bifurcation of both common carotid arteries [47; 263]. Peripheral vasoconstriction, the 
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primary determinant of acute hypertension during reduced combined ventricular output, is 

augmented by increased catecholamine secretion from the adrenal medulla [264], adrenaline 

and noradrenaline [368], and slow-acting vasopressors like arginine vasopressin [263] 

 

Figure 1.1. Conceptual outline of the fetal chemoreflex-mediated adaptations to hypoxia. 
Note the rapid bradycardia and centralization of blood flow to the brain, heart and adrenals 
at the expense of periphery. Bpm; beats per minute, PaO2; partial pressure of oxygen. 

The gradual increase in cerebral blood flow during moderate hypoxia is directly facilitated 

via a proportionate fall in local cerebrovascular resistance that is at least partially mediated 

via adenosine and endothelial nitric oxide (NO•) [721; 81]. These act to maintain sufficient 

oxygen delivery to the term-equivalent fetal brain (see Figure 1.2). Simultaneously, a switch 

from low-voltage high-frequency (equivalent to rapid eye movement (REM) sleep) to high-

voltage low-frequency (equivalent to non-REM sleep) electrocortical activity [419], and the 

depression of fetal respiratory and behavioral movements reduces metabolic requirements 

[85; 84]. In parallel, blood glucose increases through catecholamine stimulation, with greater 

glucose production from hepatic glycogenolysis and inhibition of insulin secretion [367]. 
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Lactate is another metabolic substrate for the fetus during moderate hypoxia [234], although 

conversion to glucose from pyruvate is rate-limited by availability of cellular oxygen [328]. 

These responses are accompanied by redistribution of umbilical venous blood flow, which 

increases the relative fraction of blood that bypasses the hepatic circulation from 55 to 65% 

through the ductus venosus [204; 589]. Within the upper inferior vena cava, the preferential 

streaming of the oxygenated umbilical venous blood across the foramen ovale towards the 

ascending aorta also acts to sustain oxygen delivery to the brain and heart [590]. Finally, 

increased oxygen release from fetal hemoglobin is facilitated through right shifting of the 

oxy-hemoglobin dissociation curve by changes in pH and partial pressure of carbon dioxide 

(PaCO2), whereas oxygen-carrying capacity is enhanced via hemoconcentration [34; 93]. 

Collectively, these cardiovascular adaptations permit the mature fetus to maintain normal 

oxygen consumption during moderate hypoxia, to the equivalent of approx. 50% of uterine 

artery blood flow [358]. Given that moderate hypoxia is a relatively mild insult, the term 

fetus can essentially adapt indefinitely, as indicated by normalization of fetal heart rate and 

blood pressure, and return of respiratory efforts and sleep state cycling [82; 592]. However, 

centralization of blood flow is maintained and leads to reduced somatic fetal growth [83]. 
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Figure 1.2. The cardiovascular responses to 60 min of moderate isocapnic hypoxia in very 
preterm (0.6GA, open circles) and near-term (0.8GA, closed circles) fetal sheep. Note the 
absence of fetal adaptations in immature sheep fetuses during moderate hypoxia, induced 
via reduction of maternal inspiratory oxygen fraction. Data are 5-min averages ± standard 
error of the mean (SEM); hypoxia is indicated by grey area. Min, minutes; GA, gestation. 
Figure amended with permission [63], and contains unpublished data sets. 
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1.3.2. Fetal adaptations to asphyxia in the mature fetus 

Fetal responses are clearly titrated to the degree, duration and onset of a hypoxic insult, as 

reviewed [358; 70]. For the purpose of this thesis, I will discuss the fetal responses to severe 

asphyxia, as primarily induced by complete umbilical cord or uterine artery occlusion (with 

PaO2 below 5 mmHg). These paradigms most closely mimic acute sentinel events such as 

placental abruption or cord prolapse [542]. Similar events are umbilical cord compression 

from entanglement or cord knots, or indeed physiological uterine contractions where the 

amniotic fluid is significantly reduced e.g., in the growth-retarded fetus. These scenarios are 

known potential causes of fetal asphyxia [767], that can lead to HIE if severe or prolonged. 

During profound asphyxia, equivalent to a reduction of uterine blood flow to less than 25% 

and fetal arterial oxygen content ˂1 millimoles (mmol) / liter (L), a different hemodynamic 

pattern emerges compared with moderate hypoxia [63]. Onset of umbilical cord occlusion is 

characterized by rapid initial bradycardia and peripheral vasoconstriction (see Figure 1.3), 

with an enhanced fall in femoral blood flow to near-zero values [361; 63]. In contrast, brain 

blood flow is maintained around baseline via proportionate cerebral vasoconstriction, with 

redistribution towards the brainstem at the expense of the cerebrum and choroid plexus [361; 

792; 63]. In addition, an immediate suppression of electroencephalographic (EEG) activity 

occurs during asphyxia, hypoxemia or ischemia. This suppression is an actively mediated, 

hypometabolic adaptation in multiple species [337; 64], that delays neuronal depolarization 

and onset of cytotoxic edema [17; 333]. It is mediated via inhibitory neuromodulators like 

adenosine [333; 337], allopregnanolone [520; 794], and alpha2-receptor activity [76; 800].  
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Figure 1.3. The cardiovascular responses to severe asphyxia in very preterm (0.6GA, open 
squares), moderate preterm (0.7GA, closed circles), and near-term (0.8GA, open circles) 
fetal sheep, induced by complete umbilical cord occlusion for 30 min, 25 min and 15 min, 
respectively. Min, minutes; GA, gestation. Data are 5-min (baseline) and 1-min (occlusion) 
averages ± standard error of the mean (SEM); asphyxia started at time is 0 min. Figure has 
been reproduced with permission from Wassink et al [748]. 
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If occlusion of the umbilical cord continues, this initial period of chemoreflex-mediated 

adaptation transitions into a secondary phase of gradual decompensation that is ultimately 

terminated by severe systemic hypotension. Bradycardia worsens, and cannot be abolished 

with carotid chemodenervation, vagal nerve resection, or administration of the muscarinic 

antagonist atropine sulphate [35; 311; 360], suggesting that the chemoreflexes play a brief 

role in initiating the cardiovascular response to prolonged severe asphyxia. Thus, continued 

bradycardia under these conditions is mainly sustained through myocardial hypoxia and 

acidosis [232]. The observation that carotid denervation slows but does not abolish the 

immediate fall in fetal heart rate, whereas vagal blockade delays bradycardia for 2-3 min 

suggests contributions from other afferent inputs that are poorly understood at present. 

Speculatively, there can be potential recruitment of aortic chemoreceptors during asphyxia 

[78], which do not contribute during moderate inhalational hypoxia [47]. 

Partial, peripheral vasodilatation takes place after approximately 4-5 min [361; 748], which 

is partially associated with an attenuation of sympathetic nerve activity [277; 88]. As fetal 

blood pressure starts to fall due to cardiac impairment and failure to maintain peripheral 

vasoconstriction, blood flow to fetal tissues becomes compromised, ultimately leading to 

organ injury and / or fetal death [70]. This relationship is addressed in more detail later. 

1.3.3. Fetal adaptations to labor-like asphyxia in the mature fetus 

Although the developing fetus can potentially be exposed to a wide range of deleterious HI 

insults during pregnancy, the relative importance of fetal adaptations are perhaps better 

understood within the context of parturition. Even during normal, uncomplicated labor, the 

fetus is subjected to intermittent compromise of placental gaseous exchange due to uterine 

contractions, as reviewed [767]. These contractions are associated with increased intra-
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uterine pressure with a near-linear fall in maternal uterine artery blood flow velocity, which 

leads to reduced placental gaseous exchange [815].  

Uterine contractions in fetuses that tested positive for an oxytocin challenge also correlated 

with increases in umbilical artery flow resistance [426]. This strongly suggests that uterine 

contractions vigorous enough to initiate fetal heart rate decelerations are likely to be 

associated with corresponding reductions in uterine and umbilical artery blood flow [426]. 

Supporting this, uncomplicated second-stage labor was accompanied by higher umbilical 

artery vessel resistance [42], changes in transcutaneous oxygen and carbon dioxide tension 

[637], faster decline in pH and base excess [484], and fetal heart rate abnormalities [496]. 

Thus, from a technical perspective, the majority of fetuses are exposed to asphyxia during 

labor, although this is usually short-lasting and well-tolerated by a healthy fetus. 

Perhaps unsurprisingly, limited evidence suggests that human fetuses physiologically adapt 

to labor-like insults in a similar manner to fetal lambs. For example, Doppler flow studies 

have reported a qualitatively similar compensatory redistribution of fetal blood flow during 

first-stage labor, favoring the cerebral circulation and cardiac coronaries over peripheral 

vessels [316; 661]. Moreover, Caldeyro-Barcia and colleagues showed that an intramuscular 

injection of atropine sulphate in the human fetus abolished fetal heart rate decelerations 

during short uterine contractions, suggesting that such “reflex” heart rate responses were 

mediated through parasympathetic pathways in the human fetus [476; 109]. 

Pre-existing conditions, and fetal adaptation to labor-like asphyxia 

How long-term, adverse intra-uterine conditions affect the fetal cardiovascular adaptation to 

asphyxial insults is less well defined. Clinically, intra-uterine growth restriction (IUGR) 

secondary to placental dysfunction or multiple pregnancies is well-known to be associated 

with adverse outcomes. For example, placental dysfunction impairs transplacental transfer 
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of both oxygen and nutrients to the fetus [246], and is associated with greater incidence of 

stillbirth [551], acidemia and low Apgar scores [467], and poor neurodevelopment [15]. 

Even though these data suggest that IUGR fetuses would be compromised by usually well-

tolerated labor, there is preclinical evidence for better cardiovascular adaptation.  

In growth-restricted fetal sheep exposed to hypoxia, there was improved redistribution of 

combined ventricular output to critical organs [80], and enhanced femoral vasoconstriction 

from increased secretion of noradrenaline and vasopressin [249]. Although this might appear 

as improved fetal response, such greater chemoreflex-mediated adaptations could reflect 

reduced fetal metabolic reserve [62], which would be exposed by greater homeostatic 

challenges. In line with this hypothesis, healthy term-equivalent fetal sheep exposed to labor-

like asphyxia at a rate consistent with second stage but not first stage, developed progressive 

hypotension and metabolic acidosis, but enhanced chemoreflex-mediated bradycardia [71]. 

In addition, we showed that term-equivalent sheep fetuses from multiple pregnancies with 

spontaneous pre-existing hypoxia, developed more severe metabolic acidosis than healthy 

fetuses (pH 7.08 ± 0.04 vs. 7.33 ± 0.02), with progressive severe hypotension (nadir at last 

occlusion; 24.7 ± 1.8 vs. 51.4 ± 3.2 millimeter of mercury (mmHg)) during 1-min occlusions 

of the umbilical cord repeated at 5 min intervals [762]. The fetuses with chronic hypoxia 

also weighed less and exhibited baseline hypoglycemia and hypercarbia, which is consistent 

with growth restriction [521]. Finally, fetuses with hypoxia showed greater fall in heart rate 

during four 5-min occlusions induced every 30 min, with greater depression of spectral edge 

frequency (SEF), hypotension during occlusions, and greater loss of striatal nuclei [577].  

Collectively, these findings indicate that fetuses with pre-existing but stable hypoxia due to 

placental insufficiency are potentially vulnerable even to relatively infrequent interruptions 

of placental gas exchange. Nevertheless, the effects on neural adaptation are unclear. Thus, 
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in chapter 3, we tested the hypothesis that in term-equivalent fetal sheep with pre-existing 

stable hypoxia, 1-min umbilical cord occlusions repeated every five min, a rate consistent 

with early labor, would be associated with cerebral hypoperfusion and cytotoxic edema, 

greater EEG suppression and development of stereotypic seizure activity. 

1.3.4. Fetal adaptations in the immature fetus 

Chemoreflex responses are functional from early in gestation [396], but show maturational 

gain in absolute magnitude and persistence of bradycardia and femoral vasoconstriction 

during moderate hypoxic hypoxia in fetal sheep [237]. For example, preterm (0.6GA) sheep 

fetuses did not exhibit the initial bradycardia or acute hypertension during hypoxia and 

partial umbilical cord occlusion that is ubiquitous later in gestation [345; 346], whereas at 

97-99 days (0.7GA) acute moderate hypoxia was associated with a small reduction in blood 

flow to the carcass [345]. Similarly, in fetal sheep at 82-94 days (0.6GA), there was a small 

reduction in blood flow to hepatic, renal, and musculoskeletal vascular beds during graded 

umbilical cord occlusion [346]. Gleason and colleagues further showed that, similar to the 

mature fetus, acute hypoxic hypoxia at 0.65 gestation increased cerebral blood flow, but also 

that cerebral oxygen consumption was maintained in part by increased fractional oxygen 

extraction [270]. In agreement with these data, the magnitude of combined ventricular output 

redistribution also increased with maturation in the chick embryo, favoring the cerebrum and 

myocardium at the expense of perfusion to the intestines, liver and carcass [491]. 

Compared with term, these apparently blunted or ’immature’ fetal adaptions to moderate 

inhalational hypoxia, hemorrhagic hypotension and partial umbilical cord occlusion have 

been interpreted as a greater vulnerability to hypoxic or asphyxial insults due to immaturity 

of fetal vasomotor tone or chemoreflex and hormonal responses [95; 263], which might 

potentially contribute to a higher incidence of HI neural injury in preterm infants [302; 28]. 
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This interpretation, however, does not take into account that the preterm fetus has greater 

glycogen reserves and lower overall aerobic requirements compared with later in gestation 

[488; 654; 688; 270]. In addition, these previous studies used relatively mild hypoxic insults. 

Indeed, the exceptional anaerobic tolerance of immature mammals to oxygen deprivation 

has been well-recognized for centuries [91; 416], and suggests that moderate hypoxia might 

not necessarily represent a sufficient homeostatic challenge to the premature fetus to elicit 

maximal chemoreflex-mediated adaptations for its survival [302]. 

Consistent with this hypothesis, numerous preclinical studies have now demonstrated that 

chemoreflex responses are functional and qualitatively similar during severe asphyxia from 

preterm to term-equivalent gestation [68; 191; 247]. For example, umbilical cord occlusion 

was associated with immediate bradycardia that was comparable in rate and magnitude from 

0.6 to 0.8 gestation, with faster peripheral vasoconstriction and proportionally greater acute 

hypertension in near-term fetal sheep (see Figure 1.3) [748], consistent with presence but 

continuing maturation of sympathetic nerve activity during the final trimester [87]. These 

findings confirm that chemoreflexes are functionally intact early in gestation, and that severe 

HI insults are required in immature fetuses to elicit a full fetal adaptation. This helps explain 

the lack of cardiovascular responses to moderate hypoxia in preterm (0.6GA) fetuses and 

maximal adaptation to asphyxia at the same gestational age (see Figures 1.2 and 1.3).  

Critically, these physiological adaptations maintain combined ventricular output for longer 

allowing the preterm fetus to survive longer durations of profound hypoxia compared with 

term gestation [302], while its reduced dependency on oxidative cerebral metabolism delays 

development of neuronal damage [452; 748]. For example, term-equivalent but not preterm 

fetal sheep developed neural injury after 10 min of umbilical cord occlusion, associated with 

a reduction in arterial pressure to 67 and 32%, respectively [452]. In very preterm (0.6GA) 
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fetal sheep, extended duration (up to 20 minutes) of umbilical cord occlusion also did not 

produce significant neural injury or intracranial hemorrhage [389; 254], whereas occlusion 

for 30 min was associated with extensive neural injury in the subcortical regions, cerebellum 

and brainstem, but sparing of the cortex [254]. Equally, moderate preterm (0.7GA) sheep 

fetuses subjected to umbilical cord occlusion for 15 min developed minimal neuronal loss, 

whereas occlusion for 25 minutes was associated with severe subcortical neuronal damage, 

particularly of the basal ganglia and hippocampal nuclei [386]. 

These findings suggest that HI brain injury associated with severe arterial hypotension and 

cerebral hypoperfusion occurs primarily in the last 10 min of prolonged severe asphyxia in 

preterm fetal sheep [190]. During this phase, there is catastrophic failure of cerebral blood 

flow redistribution within the brain that predisposes the deeper grey matter structures to 

damage [292], consistent with patterns of post-asphyxial brain injury in preterm infants [37; 

439]. In part, this may also explain the striking observation that postnatal complications like 

HIE and cardiac resuscitation are very uncommon unless umbilical cord blood base deficits 

are greater than 10-12 mmol/L [767]. Thus, its ability to survive prolonged durations of 

severe oxygen deprivation paradoxically exposes the premature fetus to potentially major 

brain injury [302]. This deleterious phase is often much shorter in the near-term fetuses as 

cardiac glycogen stores are depleted more rapidly [654]. 
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1.4. Antepartum Monitoring of the Neonate  

How do we identify fetuses whose cardiovascular adaptations are failing? Our repertoire of 

tools is limited as access to the fetus is restricted. Since its introduction in the fifties [326], 

fetal heart rate monitoring has become the mainstay of bedside surveillance in developed 

nations [182]. Overall, the fetal heart rate has excellent negative predictivity but its positive 

predictivity (in isolation) is remarkably low, which has led to a disproportionate increase in 

surgical intervention during labor relative to minor reductions in neonatal HIE and seizures 

[8]. These research findings are unsurprising in view of our discussion of fetal adaptations 

and hypoxic tolerance; i.e. that bradycardia is a first-line reflex response to hypoxia-ischemia 

in the fetus that occurs irrespective of neuronal damage. 

ST waveform analysis has been proposed as one way of improving the specificity of fetal 

heart rate monitoring [766]. Specifically, ST waveform augmentation on the fetal surface 

electrocardiogram, measured relative to the QRS complex (the T/QRS ratio), has become a 

recognized marker for perinatal hypoxia in experimental and clinical studies [527; 677], and 

is thought to reflect altered ionic currents during anaerobic myocardial metabolism [763]. 

Further, biphasic and negative ST waveforms have been linked with cardiac decompensation 

[773; 763]. However, the relationship between ST segment changes and fetal compromise, 

as shown by systemic hypotension and cerebral hypoperfusion, remains complex [606; 771]. 

Mechanistically, the ST waveform (comprised of the ST segment and T-wave, Figure 1.4) 

represents the summation of electrical events between the end of ventricular depolarization 

and completion of ventricular repolarization within the fetal cardiac cycle. The ST segment 

is typically isoelectric as myocardial cells remain depolarized during this interval, whereas 

ventricular repolarization is a metabolic (energy-dependent) process proceeding from the 

apex and epicardium to the base of the heart and endocardium, culminating in a positive T-
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wave [606]. Abnormalities during repolarization were first noted with cardiac ischemia and 

cardiac infarction in adults [555], but later also before stillbirth in human fetuses [327]. This 

is attributed to potassium efflux mediated in part by sarcolemmal KATP channels [428; 606]. 

 

Figure 1.4. Schematic depiction of the fetal electrocardiogram (ECG) with representative ST 
waveform abnormalities (ST waveform elevation shown in blue, biphasic ST waveform and 
negative T-wave depicted in red) and the principles behind T/QRS ratio. 

The ST waveform response during hypoxia and asphyxia 

In acutely exteriorized lambs, graded hypoxia with mild acidosis also caused progressive 

elevation of the ST segment, and preceded signs of failing cardiovascular function [608]. 

Within the same paradigm, a direct correlation was found between the rate of cardiac 

glycogenolysis, with depletion of glycogen and adenosine triphosphate (ATP), and the 

degree and rate of ST segment augmentation [608; 323], with additional contribution from 

β-adrenoreceptor stimulation [324]. Supporting this, ST waveform augmentation was 

associated with accumulation of plasma lactate and catecholamines during hypoxia [283], 

while exteriorized sheep fetuses that received β-adrenoreceptor agonist terbutaline had 

greater cardiovascular and ST segment responses during occlusions of the maternal 

abdominal aorta than control fetuses [161]. These data are consistent with observations that 

ST waveforms recover after hypoxia despite raised catecholamines [607]. 
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In contrast to moderate hypoxia, initial ST waveform augmentation during severe asphyxia 

in term-equivalent fetuses was followed with a gradual fall in T/QRS ratio as acidemia and 

systemic hypotension worsened [771]. The β-adrenoreceptor antagonist propranolol was 

unable to block ST waveform elevation during severe hypoxia [324], suggesting that acute 

severe asphyxia per se stimulates glycogen phosphorylase activity in the myocardium [189]. 

However, immature fetuses have both lower metabolic requirements and greater myocardial 

glycogen reserves [654; 198], with more effective blood pressure maintenance during acute 

prolonged asphyxia [748], suggesting maturational differences in T/QRS response. 

Collectively, these experimental findings suggest that ST waveform elevation, expressed as 

the T/QRS ratio, identifies a transition to anaerobic myocardial metabolism during hypoxia 

and thus can provide insight into fetal metabolic state [606]. Randomized controlled trials 

have confirmed that ST waveform plus fetal heart rate monitoring reduces acidemia at birth 

and operative intervention for fetal distress [545], but also report complex patterns such as 

negative or biphasic ST waveforms in some IUGR fetuses [766]. Potentially, this may reflect 

myocardial ischemia, reversing the epicardial to endocardial ionic gradient during cardiac 

repolarization. The significance of such patterns remain unclear but has been associated with 

myocardial compromise in fetal lambs [763], and blunted sympatho-adrenal responses and 

depleted myocardial glycogen reserves in fetal guinea pigs and rabbits [253; 773]. 
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1.5. Hemodynamic Determinants of Hypoxic-Ischemic Injury 

Fundamentally, damage at a cellular level to the brain and other organs requires a period of 

insufficient oxygen and metabolite substrate delivery (glucose and other substances such as 

lactate) such that neurons, oligodendrocytes (and glia) are unable to maintain homeostasis 

and become depolarized [70; 112]. The period of tissue depolarization is broadly correlated 

to the extent of subsequent neural injury [187]. This is especially relevant under conditions 

of acute HI such as perinatal asphyxia i.e. when oxygen content and blood flow are both 

impaired, and key metabolic substrates such as glucose become rapidly depleted [171]. 

Unsurprisingly, since organ perfusion is responsible for maintaining oxygen and metabolic 

substrate delivery to the fetal tissues, there is increasing evidence to suggest that perfusion, 

and by extension systemic hypotension, represents a key factor that determines whether the 

fetal brain and other organs become injured during hypoxic/asphyxial insults [292]. For 

example, in late gestation fetal sheep, the severity of neural damage produced by moderate 

hypoxia with partial common uterine artery occlusion, was directly associated with the 

relative degree and duration of mean arterial hypotension (see Figure 1.5) [301]. Similar 

observations have been made during severe asphyxia in term animals [452; 174; 244]. 

Clinically, myocardial dysfunction is also more common in severely asphyxiated newborns 

[33], with greater associated cardiac troponin levels [156; 653]. 

As reviewed [292], neuronal injury in the near-term sheep fetus is frequently reported in the 

parasagittal cortex, cerebellum, hippocampus and basal ganglia following a wide range of 

hypoxic-ischemic insults including partial and complete umbilical cord occlusion [335; 195], 

repeated asphyxia [453; 174], and pure ischemia [168]. With exception of the basal ganglia, 

these anatomical regions are all situated within the vascular watershed zones between the 

cerebral arteries, and thus most susceptible to reduction in cerebral perfusion pressure [736]. 
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As discussed, these cerebral injuries are frequently recognized on modern imaging in term 

newborns [177], while structural injuries to the basal ganglia are typically associated with 

abrupt sentinel events such as umbilical cord prolapse or placental abruption, with profound 

systemic hypotension and poor long-term neurodevelopmental outcomes [321].  

 

Figure 1.5. The quantitative relationship between arterial hypotension and neuronal injury. 
The degree of fall in mean arterial pressure (MAP) during profound asphyxia, induced by 
common uterine artery occlusion, is associated with the degree of parasagittal neural loss in 
term-equivalent fetal sheep, image modified with permission [301]. 

There is some limited clinical evidence in preterm infants to support a relationship between 

hypotension, hypoxia and the presence or severity of brain lesions and adverse neurologic 

outcome [478; 443]. Although less common now, focal necrotic lesions in the periventricular 

white matter primarily develop near vascular border zones of the cerebral middle, anterior 

or posterior arterioles [735; 736]. The branching of these vessels into the subcortical white 

matter continues from 32 weeks to term [604], and thus the vascular border zones remain 

particularly vulnerable to HI and impaired cerebral perfusion. This can potentially contribute 

to diffuse white matter damage after HI in the developing brain [285]. The cerebrovascular 

autoregulation buffers against such pathological fluctuations in blood pressure [284], but is 
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underdeveloped in preterm fetal sheep [689; 317]. Even in 118-122 day old fetal lambs the 

correlation between cerebral blood flow and blood pressure is linear between 18-45 mmHg; 

i.e. resting blood pressure is close to the lower limit of the autoregulatory range [554].  

In contrast, small studies in preterm humans suggest a lower autoregulatory threshold (less 

than 30 mmHg) and much earlier cerebrovascular maturation than fetal lambs [717; 525]. 

Nevertheless, there is evidence that cerebral autoregulation is abolished by hypercarbia and 

hypoxia in healthy piglets and lambs, respectively [715; 682], and is impaired after profound 

asphyxia in newborn infants [441; 575]. However, as discussed above, the immature fetus 

maintains its blood pressure for longer during severe asphyxia than at term [748], suggesting 

delayed impairment of cerebral perfusion in fetal life. Hence, in chapter 4, we examined the 

quantitative relationship between systemic hypotension and cerebral hypoperfusion, and ST 

waveform response during asphyxia from preterm to term-equivalent gestation. 

In summary, severe asphyxia is associated with hypotension, cerebral hypoperfusion, and 

neural depolarization. A seminal insight arising from many preclinical and clinical studies 

is that although brain injury can occur during hypoxia-ischemia (i.e. the primary insult), in 

many cases, HI precipitates a cascade of biochemical processes that result in delayed cell 

death (i.e. the secondary phase) hours (h) to days later. Neuroprotective interventions, such 

as therapeutic hypothermia, are designed around this conceptual framework. The next sub-

chapters will discuss these phases of cerebral injury and hypothermia in greater detail. 

 



Chapter 1 - Introduction 

CC-BY  23 

 

1.6. The Mechanisms and Treatment of Asphyxial Encephalopathy 

Guido Wassink*, Eleanor R. Gunn*, Paul P. Drury*, Laura Bennet*, Alistair J. Gunn* 

*Department of Physiology, Faculty of Medical and Health Sciences, 

University of Auckland, Auckland, New Zealand 

 

 

 

 

 

1.6.1. Preface 

The development of therapeutic hypothermia has been a leading example of how good 

pathophysiological understanding of perinatal brain injury combined with insights gained 

from systematic studies using translationally relevant, large animal models can support the 

development of efficacious clinical treatments. This approach supported the translation of 

mild induced hypothermia as a routine protective treatment for asphyxiated term newborns 

in tertiary neonatal intensive care units (NICU) throughout the developed world. 

Nevertheless, current hypothermia protocols are only partially protective and not available 

to preterm infants. The following review critically examines our present knowledge on the 

mechanisms thought to underlie the neuroprotective effects of therapeutic hypothermia in 

infants with HIE, and highlights areas where cooling is less effective. This review was first 

published as a manuscript in Frontiers in Neuroscience (DOI: 10.3389/fnins.2014.00040). 
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1.6.2. Abstract 

Acute post-asphyxial encephalopathy occurring around the time of birth remains a major 

cause of death and disability. The recent seminal insight that allows active neuroprotective 

treatment is that even after profound asphyxia (the ‘primary’ phase), many brain cells show 

initial recovery from the insult during a brief ‘latent’ phase, typically lasting approximately 

6 hours, only to die hours to days later after a secondary deterioration characterized by overt 

seizures, cytotoxic cellular edema, and progressive failure of cerebral oxidative metabolism. 

Although many of these ‘secondary’ processes are potentially injurious, they appear to be 

primarily epiphenomena of the ‘execution’ phase of cell death. Animal and human studies 

designed around this conceptual framework showed that moderate cerebral hypothermia 

initiated as early as possible but before the onset of secondary deterioration, and continued 

for a sufficient duration to allow the secondary deterioration to resolve, is associated with 

potent, long-lasting neuroprotection. Recent clinical trials have shown that while therapeutic 

hypothermia significantly reduces morbidity and mortality, many babies still die or survive 

with disabilities. The challenge for the future is to find ways of improving the effectiveness 

of treatment. In this review, we will dissect the known mechanisms of hypoxic-ischemic 

brain injury in relation to the known effects of hypothermic neuroprotection. 
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1.6.3. Introduction  

Moderate to severe neonatal HIE occurs in approximately 1 to 3 cases per 1000 term live 

births in developed nations [407], and remains a significant cause of death and long-term 

neurodevelopmental disability [415; 455]. The most devastating complication in survivors 

is cerebral palsy, which is associated with one of the very highest indices of burden of disease 

from loss of potential productive members of society and direct burdens on the individual, 

family, and social institutions that last the entire life [123]. Approximately 15% of all cases 

are associated with acute brain damage (encephalopathy) in term infants [469]. 

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

that prolonged moderate cerebral hypothermia in term infants with moderate to severe HIE, 

started within a few hours after birth and continued until resolution of the acute phase of 

delayed cell death, improves neurodevelopmental outcome in the medium to long-term [205; 

288; 652]. This functional improvement is consistent with reduced brain injury on modern 

imaging [616; 648]. Hypothermia suppresses many potentially deleterious mechanisms, 

making it difficult to distinguish between physiological changes during cooling that are 

critically beneficial, compared with those that are either indifferent or even deleterious.  

Current therapeutic hypothermia protocols are incompletely neuroprotective, reducing the 

combined risk of death and severe disability at 18 months of age by approximately 12% 

[205]. Thus, many children continue to die, or survive with moderate to severe handicap 

despite treatment with current hypothermia protocols. Expanding our knowledge of the key 

therapeutic targets of hypothermia could help to further improve existing protection. In this 

review we will critically assess the potential mechanisms of hypothermic neuroprotection in 

relation to the known window of opportunity for cooling after severe HI.  
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1.6.4. The evolution of hypoxic-ischemic injury 

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

injury evolves over time, as illustrated in Figure 1.6 [303]. We now know that although some 

neurons likely die during the actual ischemic or asphyxial event (the primary phase of injury, 

see Figures 1.6 and 1.7), the hypoxia-induced impairment of cerebral oxidative metabolism, 

cytotoxic edema and accumulation of excitatory amino acids (EAAs) typically recovers at 

least partially over approximately 30 to 60 min [693; 64]. This is followed by a latent phase 

during which EEG activity remains suppressed but high-energy phosphates are normal or 

near normal [23; 298; 66; 347]. Notably, during this phase there is post-asphyxial cerebral 

hypoperfusion, associated with reduced brain metabolism and improved tissue oxygenation 

in the near-term lamb [362], consistent with active suppression of cerebral metabolism. 

 

Figure 1.6. Schematic diagram illustrating the different pathologic phases of cerebral injury 
after severe hypoxia-ischemia. OFR, oxygen free radicals; BBB, blood brain barrier; EAAs, 
excitatory amino acids; NO•, nitric oxide. 
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Figure 1.7. The effects of 30 min of cerebral ischemia (from t = 0, shown by vertical dotted 
lines) with or without induced mild hypothermia (indicated by the grey shading) started 5.5 
h after reperfusion in near-term fetal sheep on fetal temperature, electroencephalographic 
(EEG) intensity and cortical impedance (a measure of cell swelling). The top panel shows 
changes in fetal extradural (solid circles) and esophageal (solid squares) temperature in the 
hypothermia group and extradural (open circles) and esophageal (open squares) temperature 
in the normothermia group. The lower two panels show changes in EEG intensity (dB) and 
cortical impedance (expressed as percentage of baseline) in the hypothermia (solid circles) 
and normothermia (open circles) groups. The hypothermia group showed greater recovery 
of EEG intensity after resolution of delayed, seizure activity and a complete suppression of 
the secondary rise in impedance. *P<0.05, **P<0.001. Data modified from [299]. 
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With moderate to severe injury, this period is frequently followed by progressive secondary 

deterioration many hours later (from approx. 6 to 15 hours, see Figure 1.7), that is associated 

with overt seizures [298], cytotoxic edema and accumulation of excitotoxins, near-complete 

failure of cerebral mitochondrial activity [440; 66], and eventual spreading cell death. More 

severe insults are typically associated with evidence of greater primary damage [777], and 

earlier and more severe secondary deterioration and neural loss [777; 440; 618]. In turn, the 

severity of secondary oxidative metabolism derangement in newborns with birth asphyxia is 

associated with increased risk of mortality and adverse neurodevelopmental outcome [609]. 

1.6.5. Mechanisms of injury during hypoxia-ischemia 

Brain injury requires a period of insufficient delivery of oxygen and substrates like glucose 

(and lactate in the fetus) such that neurons and glia cannot maintain homeostasis. Once the 

neuron’s supply of high-energy metabolites such as ATP can no longer be maintained during 

HI, energy-dependent mechanisms of intracellular homeostasis including the Na+/K+ ATP-

dependent pump begin to fail. Neural depolarization occurs, leading to sodium/calcium entry 

into cells. This creates an osmotic and electrochemical gradient that in turn favors further 

cation and water entry, leading to cell swelling (cytotoxic edema). Consequently, this leads 

to acute cell lysis when the homeostatic disturbance is sufficiently severe [610]. Even after 

surprisingly prolonged and severe insults, however, many swollen neurons still recover, at 

least temporarily, if hypoxia is reversed or the osmotic environment is manipulated.  

Evidence suggests that additional factors act to increase cell injury during and following 

depolarization. One of these factors is the extracellular accumulation of EAAs after neuronal 

depolarization coupled with impaired energy dependent re-uptake, which promote further 

receptor mediated cell swelling and intracellular calcium entry [610]. Another factor is the 

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



Chapter 1 - Introduction 

CC-BY  29 

to lipid peroxidation and deoxyribonucleic acid/ribonucleic acid (DNA/RNA) fragmentation 

[29; 242]. Furthermore, there is compelling evidence that generation of the reactive oxygen 

species NO• by neuronal nitric oxide synthase (nNOS) is increased during and after HI, and 

that 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 [692]. For example, selective nNOS blockade during severe asphyxia 

reduced neuronal damage in the basal ganglia of preterm fetal sheep [194]. However, these 

factors largely appear to be injurious only in the presence of hypoxic cell depolarization.  

Hypothermia during hypoxia-ischemia 

Hypothermia produces a reduction in cerebral metabolism of approximately 5% for every 1 

degree (ºC) fall in temperature [409], which delays the onset of anoxic cell depolarization. 

The protective effects of hypothermia are not simply due to reduced metabolism alone, 

however, since graded cooling substantially reduces damage for a given absolute duration 

of depolarization compared to normothermia [46]. The reduced accumulation of EAAs 

during intra-ischemic hypothermia [507; 547], is primarily due to delay in depolarization, 

although there is some evidence for a reduction in the rate of release even after depolarization 

has occurred [508]. In addition, cooling potently suppresses NO• and superoxide formation 

in hippocampal slice culture [472], during ischemia and reperfusion in rodents [420], cardiac 

arrest in young adult dogs [421], and during and immediately after HI in piglets [703]. 
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Hypothermia during reperfusion 

Once blood flow and oxygenation are restored after acute HI, there is a rapid burst of NO• 

and superoxide formation [703], and EAA levels rapidly fall in parallel with resolution of 

the cell swelling, typically over 30-60 min [693; 242]. It would appear that this recovery can 

be accelerated by cooling; hypothermia started after HI in newborn piglets was associated 

with reduced extracellular levels of EAAs, and reduced NO• efflux in the brain [703]. 

Hypothermia and the blood brain barrier 

Ischemic brain injury is generally associated with marked opening of the blood brain barrier 

(BBB) which might contribute to further brain swelling. In adult rats, cooling after global 

ischemia was associated with reduced BBB leakiness and brain edema 24 hours later, but 

only when induced within 1 hour after ischemia [574; 52]. Such stabilization of the BBB by 

hypothermia was associated with attenuated degradation of key regulatory proteins in the 

vascular basement membrane [52]. Similarly, cooling induced 1 hour after focal ischemia in 

rats was associated with improved BBB function, possibly by inhibiting metalloproteinase 

induction [502]. However, the inhibition of metalloproteinases after HI in neonatal rats has 

had inconsistent effects [582]. Given that treatment with hypothermia is highly protective 

even when delayed by more than an hour after HI [298; 299; 147; 618], it seems unlikely 

that this mechanism is a major contributor to hypothermia’s beneficial effects. 

1.6.6. Critical clues from hypothermia studies during the latent phase 

Although it remains unclear when exactly the brain becomes irreversibly injured, there are 

consistent empirical data that the so-called ‘latent’ or early recovery phase of transient 

restoration of cerebral oxidative metabolism, before onset of secondary energy failure, 

represents the most realistic window of opportunity for therapeutic intervention [599; 295]. 

Thus, pragmatically, the narrow window of intervention appears to close indefinitely during 
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secondary energy failure, which corresponds either to overt cell death [729], or to a critical 

‘irreversible’ stage in the evolution of delayed cell death [295]. 

For example, in the near-term fetal sheep, moderate hypothermia induced 90 minutes after 

reperfusion from a severe episode of cerebral ischemia (i.e. in the early latent phase) and 

continued until 72 hours after ischemia, prevented secondary cytotoxic edema, improved 

EEG recovery, and reduced neuronal and white matter injury [298; 599]. However, only 

partial protection was seen in this paradigm when hypothermia was delayed until just before 

the onset of secondary stereotypic seizures (at 5.5 hours after reperfusion, e.g. see Figure 

1.6) [299; 599], and there was no significant protection when the start of cooling was delayed 

until after stereographic seizures were established (at 8.5 hours after reperfusion) [294]. 

These observations are consistent with previous studies in anesthetized piglets subjected to 

severe hypoxia-ischemia, where application of prolonged moderate to deep hypothermia for 

24 h immediately after resuscitation prevented secondary energy failure, suppressed seizure 

burden, and reduced neuronal loss in the cortex and basal ganglia [208; 701; 712]. Similar 

progressive loss of neuroprotection was found when 5 hours of moderate hypothermia was 

delayed for up to 6 hours after moderate HI in postnatal day 7 (P7) rat pups [618], while this 

relatively short period of hypothermia was not protective at all after a more severe insult. 

Studies in adult rodents strongly suggest that more prolonged cooling, for 48 hours or more, 

further improves the effect of delayed cooling [149]; it remains unclear whether there would 

be further benefit if cooling was to be continued for longer than ~48-72 hours. 
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1.6.7. Evolution of injury during the latent phase 

The precise mechanism(s) which initiate the cascade leading to delayed cell death after HI 

remain incompletely understood, but are undoubtedly multi-factorial with excessive calcium 

influx, pro- and anti-apoptotic proteins, and trophic factor withdrawal during and after HI 

all playing a critical role [814; 307]. For example, the neuronal accumulation of calcium 

precipitates continues for many hours after HI in the immature rodent [679], and is associated 

with worsening structural morphology [576]. Although mitochondria can buffer increased 

levels of neural cytosolic calcium [740], excessive sequestration of calcium by mitochondria 

leads to inhibition of the respiratory chain, uncoupling of oxidative phosphorylation [687], 

and permeabilization of the mitochondrial membranes (the ‘intrinsic’ apoptosis pathway).  

In detail, HI results in activation of pro- and anti-apoptotic proteins [307], and translocation 

of cytosolic Bcl2-associated x protein (Bax) to mitochondria [613], where it oligomerizes 

(with Bcl2 family members Bak and Bid) and creates non-specific protein pores in the outer 

mitochondrial membrane. This allows leakage of pro-apoptotic proteins and cytochrome c 

into the cytosol (see Figure 1.8) [307]. Not only are pro- and anti-apoptotic proteins and 

caspase-3 expressed in the immature brain [572; 812; 666], but regulating their interaction 

can provide neuroprotection after perinatal HI [259; 745; 524]. As the terminal electron 

acceptor of the mitochondrial electron transport chain, loss of cytochrome c oxidase could 

be decisive in the uncoupling of oxidative phosphorylation, where it accounts for over 90% 

of cellular oxygen consumption [154]. Thus, permeabilization of mitochondrial membranes, 

with detachment of soluble protein cytochrome c from cardiolipin on the inner mitochondrial 

membrane [307], and release of apoptogenic factors including second mitochondria-derived 

activator of caspase (Smac), and direct inhibitor of apoptosis-binding protein with a low Pi 

(Diablo) and apoptosis inducing factor (AIF) from the mitochondrial intermembrane space 

[459], could shift a potentially reversible injurious paradigm to irrevocable cell death.  
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Figure 1.8. Flow chart depicting several intracellular mechanisms that are associated with 
permeabilization of the mitochondrial membranes, leading to progressive failure of 
mitochondrial oxidative phosphorylation and ultimately delayed programmed cell death. 
Upstream triggers such as inflammation and trophic withdrawal activate cell surface death 
receptors, initiating the ‘extrinsic’ pathway to programmed cell death. Conversely, calcium 
overload and oxygen free radicals appear to exert their effect predominantly at the 
mitochondrial level via the ‘intrinsic’ pathway. In addition, cross-over activation between 
the ‘extrinsic’ and ‘intrinsic’ pathway may take place via pro-apoptotic intermediates such 
as the BID protein. AIF, apoptosis inducing factor; Apaf-1, apoptotic protease-activating 
factor-1; ATP, adenosine triphosphate; BAK, Bcl2-antagonist / killer-1; BAX, Bcl2-
associated X protein; Bcl2, B-cell lymphoma 2 protein family; Bcl-XL, B-cell lymphoma-
extra-large; BID, BH3 interacting-domain death agonist; Diablo, direct inhibitor of apoptosis 
binding protein with low Pi; P53, p53 tumor suppressor protein; Smac, Second 
mitochondria-derived activator of caspase; tBID, truncated BH3 interacting-domain death 
agonist; TNF, tumor necrosis factor; TRAIL, TNF-related apoptosis-inducing ligand. 

After its release cytosolic cytochrome binds to apoptotic protease-activating factor-1 (Apaf-

1), and activates caspase 9 in the presence of ATP or dATP to form an apoptosome, which 

initiates the executioner caspase-3 [459], and ultimately leads to DNA fragmentation (see 

Figure 1.8). This functional decline of mitochondria appears consistent with the progressive 

fall in cytochrome oxidase seen from 3 hours onwards after asphyxia in fetal sheep [60], 

before onset of secondary cytotoxic edema and stereotypic seizures. Critically, one kinetic 

study using HeLa cell lines showed that, after initiation, all cytochrome c was invariably 
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released from mitochondria within 5 minutes, and this release preceded the apoptotic cascade 

[272]. There is good histopathological evidence that programmed cell death is a significant 

contributor to post-hypoxic cell death in the developing human brain [207; 641]. 

Additional factors that likely help trigger or augment programmed cell death include loss of 

trophic support from astrocytic growth factors [139], and the inflammatory reaction to HI 

[262], through activation of cell surface death receptors (and thus the ‘extrinsic’ apoptosis 

pathway) [279]. The delayed increase in synthesis of down-stream mediators of cell death 

such as NO• and reactive oxygen species in this phase are likely secondary to inflammation 

[252]. In addition, recent data indicates that ‘extrinsic’ tumor necrosis factor (TNF) and Fas 

death receptor engagement can promote activation of the intrinsic apoptotic pathway through 

association with the pro-apoptotic tBid protein on Bak and Bax (see Figure 1.8) [757; 640]. 

Does hypothermia specifically suppress delayed programmed cell death? 

There is increasing evidence that hypothermia may have a particular role in suppressing the 

evolution of programmed cell death. Studies using morphological criteria have had mixed 

outcomes. In the piglet, hypothermia started after severe HI was reported to reduce apoptotic 

cell death, but not necrotic cell death [208], with similar results reported after injury in rats 

[790; 338]. However, in the adult rat, delayed post-ischemic cellular death prevented by 

hypothermia showed a necrotic appearance on detailed electron microscopic criteria [150], 

consistent with previous findings of a maturity-related reduction in cytochrome c release, 

AIF and caspase-3 expression after HI in rodents [332; 812]. 

It is important to appreciate that in practice these morphological changes often do not closely 

reflect the underlying pathways leading to cell death. By analogy with the active process of 

developmental ‘pruning’ of excess cells (including neurons), it was originally suggested that 

an apoptotic morphology reflected activation of ‘pre-programmed’ cell death pathways [54; 
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183]. Although necrosis can reflect biophysical damage to the cell, like membrane instability 

or ion shifts leading to cell lysis in the primary phase [54], there is now compelling evidence 

that post-hypoxic cellular death represents a continuum between apoptosis and necrosis, as 

reviewed [529]. In vitro, cooling during severe hypoxia reduced both apoptotic and necrotic 

morphologic cell death in developing rat neurons, and suppressed hypoxia-associated protein 

synthesis [89]. Microarray analysis in rats after focal ischemia confirmed that post-insult 

hypothermia suppressed gene responses to ischemia, particularly genes involved in calcium 

homeostasis, cellular and synaptic integrity, inflammation, cell death, and apoptosis [501]. 

Although there are multiple pathways to programmed cell death, as discussed, caspase-3 is 

the final ‘executioner’ caspase, and thus caspase-3 activation may be used as a reasonable 

marker of these pathways. Other in vitro studies have demonstrated that mild hypothermia 

suppressed H2O2-induced apoptosis and caspase-3 induction in rat cortical neurons [429], 

and suppressed neuronal apoptosis induced by serum deprivation, with significantly reduced 

activation of caspases-3, -8, and -9 after 24 hours, and reduced cytochrome c translocation 

consistent with suppression of both the intrinsic and extrinsic pathways of apoptosis [789]. 

Further, cooling during focal ischemia in adult rats reduced expression of cell death receptor 

Fas and caspase-8 activation, supporting a direct effect on ‘extrinsic’ apoptosis [435]. 

These studies examined forms of intra-insult cooling. However, there is supporting evidence 

from post-insult cooling in vivo. For example, in the near-term fetal sheep, hypothermia 

delayed for 90 min after ischemia markedly suppressed caspase-3 activation in white matter 

[599]. Similarly, in (P7) rats, an age when brain development is very comparable to the late 

preterm human infant [591], immediate induction of hypothermia after HI reduced caspase-

3 expression in the core area of cortical infarction but not in the penumbra [16], suggesting 

that hypothermia modulated both caspase-dependent and independent mechanisms. In the 
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same paradigm, hypothermia also reduced the caspase-3 activation in pre-oligodendrocytes 

[786]. In adult rats, mild hypothermia (33°C) for 2 hours after transient endothelin-induced 

focal ischemia also suppressed activated caspase-3 immunoreactivity up to a week post-

insult [803]. Similarly, hypothermic neuroprotection after transient global ischemia in adult 

rats was associated with major upregulation of the anti-apoptotic protein Bcl2, and reduced 

expression of the pro-apoptotic protein p53 [805]. 

There is some evidence from adult models that hypothermia can specifically suppress the 

mitochondrial permeability transition. For example, hypothermia either during or shortly 

after transient focal ischemia attenuated the release of cytochrome c [797; 810]. Similarly, 

protection of the CA1 region of the hippocampus with mild induced hypothermia after global 

ischemia was associated with reduced cytochrome c release after 48 hours, and with reduced 

caspase-3 and -9 activity at 12 and 24 hours [809]. Further, neuroprotection with immediate, 

prolonged cooling after cardiac arrest in adult minipigs was associated with suppression of 

mitochondrial permeability pore opening, leading to reduced release of cytochrome c and 

other pro-apoptotic factors including AIF and reduced caspase-3 activation [273]. Post-

ischemic hypothermia maintained mitochondrial respiratory activity 2 h after reperfusion in 

the adult gerbil [113], and intra-ischemic hypothermia has been shown to preserve activity 

for 4 days after a similar insult in neonatal rats [504]. Presently, there are no data evaluating 

mitochondrial function in vivo during therapeutic cooling following HI in the developing 

brain, however, hypothermia after cardiac arrest in adult minipigs substantially improved the 

recovery of mitochondrial membrane potential and cellular respiration [273]. 

Finally, there is evidence that combined treatment with the anti-apoptotic agent, insulin-like 

growth factor-1 [287], and hypothermia starting 4.5 h after cerebral ischemia in near-term 

fetal sheep did not show additive neuroprotection [257]. This observation suggests that their 
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mechanisms of action overlap. Taken as a whole, these studies indicate that hypothermia can 

suppress apoptosis, likely through several pathways including reduction of mitochondrial 

permeability (the intrinsic pathway) and reduced activation of ‘extrinsic’ apoptosis.  

Hypothermia and inflammatory second messengers 

Perinatal brain injury leads to induction of inflammatory cascades with increased release of 

cytokines and interleukins (IL) [306]. These compounds are believed to exacerbate delayed 

injury, whether by direct neurotoxicity and induction of apoptosis or by promoting leukocyte 

diapedesis into the ischemic brain. Experimentally, cooling suppresses this inflammatory 

reaction [599]. For example, in vitro, cooling inhibits microglia proliferation, chemotaxis, 

induction of pro-inflammatory cytokines, and attenuates microglia neurotoxicity, during and 

critically, after exposure to both hypoxia and lipopolysaccharide [655; 638; 642]. Further, 

hypothermia can suppress the translocation and binding of nuclear factor kappa-B (NF-kβ), 

a key inflammatory transcription factor that is activated after cerebral ischemia [796]. In 

addition, there is limited data that cooling microglia after activation with lipopolysaccharide 

increases production of anti-inflammatory cytokines in culture [185]. 

Consistent with these in vitro findings, hypothermia in adult rats after focal ischemia reduced 

delayed increases in IL-1β and TNF-α but not transforming growth factor beta (TGF-ß) in 

the striatum [124]. In adult pigs, immediate mild hypothermia after brief cardiac arrest was 

associated with attenuation of IL-1β, TNF-α, intercellular adhesion molecule-1 (ICAM-1) 

mRNA, and IL-1 protein induction 24 hours after resuscitation [477]. Similarly, post-insult 

cooling has been associated with consistent suppression of activated microglia after transient 

ischemia or asphyxia in fetal sheep [599; 65; 45; 256]. This broad reduction in inflammatory 

signaling might offer significant mitochondrial protection. For example, cytokine mediated 

iNOS expression increases NO• levels, which compete with molecular oxygen at its binding 
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site on cytochrome oxidase [102], suppressing oxidative metabolism and thus reducing ATP 

levels [695]. Further, TNF-α and interferon-γ mediated iNOS expression were associated 

with mitochondrial damage and apoptosis in cultured oligodendrocytes [197]. Intriguingly, 

despite suppression of microglia by cooling, it has little effect on astrocytic proliferation in 

vitro [655]. This raises the possibility that hypothermic protection against post-ischemic 

neural damage may be, in part, the result of differential effects on glia, with suppression of 

microglial activation but relative sparing of potentially pro-survival astrocytic reactions. 

Hypothermia and excitotoxicity 

In contrast to their role during the primary and reperfusion phases, the importance of 

excitotoxins after reperfusion remains surprisingly unclear, given that extracellular levels 

rapidly return to baseline values [693; 703]. The apparent protection seen in early studies of 

anti-excitotoxic agents is difficult to interpret as these studies did not control for cerebral 

temperature [466; 315]. Indeed, subsequent studies suggested that the effects of glutamate 

blockade during HI were either largely or synergistically mediated through drug-induced 

hypothermia [336; 216]. In an elegant study in the adult rat, Nurse and Corbett showed that 

the apparent neuroprotective effect of NBQX, a glutamate antagonist administered from 1 h 

after mild cerebral ischemia, was directly associated with mild endogenous hypothermia for 

several days that developed an hour after drug administration [530]. Strikingly, similar 

neuroprotection was induced by application of the same hypothermia profile over 28 hours, 

while conversely NBQX ‘neuroprotection’ was abolished by maintaining normothermia. 

Furthermore, anti-excitotoxin therapy limited to the secondary phase did not reduce neuronal 

injury in the severely injured parasagittal cortex of term-equivalent fetal sheep, and had only 

limited neuroprotective effects in more mildly affected areas of the brain [694; 286]. 
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Nevertheless, even with normal levels of extracellular glutamate, excitotoxicity might still 

play an indirect injurious role. Pathological hyper-excitability of glutamate receptors has 

been reported in P10 rats for many hours after HI, with better neural outcome after receptor 

blockade [363]. Further, neuronal death after ischemia has been associated with a selective, 

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

acid (AMPA) receptor, with specific down-regulation of GluR2; the subunit that limits Ca2+ 

influx through the AMPA receptor. This can facilitate further excessive influx of Ca2+ during 

spontaneous glutaminergic activity after HI, thus promoting programmed cell death. In adult 

gerbils, cooling from 20 min after global ischemia attenuated changes in the GluR2 subunit, 

providing an additional mechanism for indirect protection from excessive excitation [148]. 

Supporting this hypothesis, despite suppression of overall EEG activity for many hours after 

asphyxia, transient epileptiform activity was seen in the early recovery phase in preterm 

sheep fetuses that developed severe injury [254], and was correlated with severity of neural 

loss in the striatum and hippocampus [181; 65]. Suppression of these EEG transients with a 

glutamate receptor antagonist partially reduced cell loss [180]. Further, neuroprotection with 

post-asphyxial moderate cerebral hypothermia in the preterm fetal sheep was associated with 

a marked reduction in numbers of epileptiform transients in the first 6 h after asphyxia, and 

reduced amplitude but not numbers of delayed seizures [61]. The combination of glutamate 

receptor antagonist infusion and hypothermia after severe asphyxia in preterm fetal sheep, 

however, showed non-additive neuroprotection, consistent with the suggestion that cooling 

is partly protective through attenuating this receptor hyperactivity [256]. Further studies are 

needed to assess whether this is also the case after HI injury in the term-equivalent brain.  
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Hypothermia and induction of growth factors 

Contrary to the assumption that hypothermia generally suppresses new protein synthesis, 

there is evidence in the adult rat that mild hypothermia after cardiac arrest or ischemia is 

associated with augmentation of growth factors such as brain-derived neurotrophic factor 

(BDNF), glial-cell-line derived neurotrophic factor and extracellular-signal regulated kinase 

[160; 636; 392], which might help protect injured cells. However, BDNF infusions during 

cardiac arrest in normothermic rats were not protective [110]. Thus, the induction of growth 

factors alone does not seem to explain the protective effects of cooling after resuscitation. 

1.6.8. Hypothermia during the secondary phase 

Mitochondrial failure is a hallmark of secondary injury evolution [66]. Thus, maintaining 

mitochondria intact after severe HI is absolutely crucial in promoting neuroprotection. There 

is compelling evidence that cooling started in the latent phase must be continued for 48 h or 

more to maintain improved recovery of mitochondrial membrane potential and respiration 

[273], and prevent cellular death [303]. 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 homeostasis returns. Alternatively, it could in part reflect 

suppression of secondary events in this phase, including hyperperfusion, cytotoxic edema 

and delayed seizures. For example, selective head or whole-body cooling failed to provide 

any protection when delayed until 3 h after the insult and continued for only 24 h [379]. 

For example, in the near-term fetal sheep, cerebral hypothermia started 5.5 h after ischemia 

and continued until 72 h, was associated with marked extension of secondary hypoperfusion, 

to nearly 24 h after the insult [299]. We have previously shown that this hypoperfusion phase 

is associated with suppressed cerebral metabolism in the preterm fetal sheep [362]. Although 

prolonged cerebral hypoperfusion after asphyxia neonatorum is associated with an adverse 
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clinical outcome [214], the prolongation of reduced blood flow from cooling was associated 

with better neural outcome [299]. Conversely, subsequent onset of secondary hyperperfusion 

is associated with injury, in fetal sheep [66], and in newborn infants [214]. However, cooling 

in fetal sheep prevents hyperperfusion, independent of neuroprotection [298; 299].  

Similarly, neuroprotection with cerebral cooling started 90 min after cerebral ischemia was 

associated with potent prevention of secondary cytotoxic edema in near-term fetal sheep 

[298]. Intriguingly, hypothermia started after the onset of secondary seizures (8.5 h after 

ischemia) also completely prevented secondary cytotoxic edema in the same paradigm, but 

offered no significant neuroprotection [294]. In vitro, cooling can prevent intracellular ion 

and water entry and the consequent osmotic cell swelling even if the ATP dependent Na+/K+ 

pump is inhibited by ouabain [802]. These findings suggest that it is not a direct mechanism 

of hypothermic neuroprotection.  

Clinical studies have found a reduced seizure burden during cooling of infants with HIE 

[269; 675]. Interestingly, despite the effects on cerebral metabolism and perfusion, and the 

reduction in neuronal loss, post-insult hypothermia did not significantly reduce the rate of 

electrographic seizures after ischemia or asphyxia in fetal sheep, but did markedly reduce 

their amplitude [299; 61]. Assuming that coupling of flow-metabolism remains intact, the 

reduced carotid blood flow suggests that cooling may have ameliorated the excessive local 

metabolic demand associated with seizure activity, which has been shown to directly mediate 

local neural death [340; 566]. Treatment with MK-801, a highly potent, selective glutamate 

antagonist, between 6 and 24 hours after cerebral ischemia, prevented delayed post-ischemic 

seizures and completely suppressed fetal EEG activity [694]. Surprisingly, there was no 

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

regions such as the temporal lobe [694]. These findings suggest that severe seizure activity 
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in the secondary phase may contribute to spreading of injury from the core area of damage 

to more mildly affected regions, and thus anticonvulsant therapy during hypothermia might 

modulate outcome, although it would be unlikely to alleviate major disabilities. 

1.6.9. Clinical implications? 

Collectively, the experimental findings described in this review strongly indicate that to 

achieve optimal neuroprotection, therapeutic cooling should be initiated as soon as possible 

after resuscitation, within approximately the first 6 hours of life, should involve cooling by 

approx. 3 to 5 °C, and should be continued for approximately 48 to 72 hours until resolution 

of the secondary phase of injury. Given that in clinical trials to date infants cooling was not 

begun until 4.5-5 hours [205], it is extremely likely that a pragmatic focus on starting cooling 

earlier would improve outcomes of clinical protocols for therapeutic hypothermia [705].  

Beyond this, further advances are likely to come from developing complementary therapies 

to add to hypothermia. As outlined in this review, the protective mechanisms that underlie 

therapeutic mild hypothermia are multifactorial. Suppression of inflammation, intracellular 

signaling and programmed cell death are all important potential pathways to neuroprotection 

during induced hypothermia. Potential strategies to augment hypothermic protection might 

involve strategies that help protect mitochondrial function during reperfusion and the latent 

phase, such as treatment with the natural hormone melatonin [598]. Alternatively it may be 

possible to actively augment neural recovery during long-term recovery after treatment with 

hypothermia, for example with cell therapy as suggested by preclinical studies [69]. 
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1.7.1. Preface 

Many newborn infants that are diagnosed with asphyxial encephalopathy are critically ill, 

and their medical care routinely includes multiple invasive procedures that are inherently 

uncomfortable, distressing or frankly painful for the neonate. The active management of pain 

has increasingly become an integral part of critical neonatal care, and these infants are now 

frequently exposed to pharmacological analgesics and sedatives. Neonatal seizures are also 

common after moderate to severe perinatal hypoxia-ischemia, and highly associated with 

adverse neurological outcomes. These stereotypic seizures are often highly refractory to 

anticonvulsants therapy and commonly require multi-drug treatment. 

The following review critically evaluates our current knowledge of how stress or pain, and 

routine treatment with analgesics, sedatives or anticonvulsants might affect the efficacy of 

therapeutic hypothermia. This section extends discussion of related mechanisms of neural 

death that were noted in the previous section. This review was published as a manuscript in 

Seminars in Fetal and Neonatal Medicine (DOI: 10.1016/j.siny.2014.10.003).  
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1.7.2. Abstract 

Multiple randomized controlled trials have now shown that 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 reduces neonatal mortality and improves 

neurodevelopmental outcome in term infants. The challenge is now to find ways to further 

improve outcome. In the present review we critically examine the evidence that conventional 

analgesic, sedative or anticonvulsant agents might improve outcomes, in relation to the 

known window of opportunity for effective neuroprotection with hypothermia. This review 

strongly indicates that there is insufficient evidence to recommend routine use of these 

agents during therapeutic hypothermia. Further systematic research into the effects of pain 

and stress on the injured brain, and their treatment during hypothermia is essential to guide 

the rational development of clinical treatment protocols.  
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1.7.3. Introduction  

Moderate to severe neonatal HIE occurs in approx. 1 to 3 cases per 1000 term live births in 

the developed world, and is associated with long-term neurodevelopmental disability in 

survivors [455]. Excitingly, large randomized controlled trials have now confirmed that 

prolonged moderate cerebral hypothermia in term infants with moderate-severe HIE, started 

within a few hours after birth and continued until resolution of the acute phase of delayed 

cell death, reduces structural brain injury and improves neurodevelopmental outcome in the 

medium to long-term [205; 288; 652].  The major clinical challenge now is that current 

therapeutic hypothermia protocols are incompletely neuroprotective, reducing the combined 

risk of death and severe disability at 18 months of age by ~12% [205]. Thus, given that many 

children continue to die or survive with disabilities despite treatment with hypothermia, it is 

critical to find ways to improve current treatment protocols. In this review we will critically 

assess whether stress or pain might prevent cooling from protecting the brain, and whether 

analgesics, sedatives or anticonvulsants may help augment hypothermic neuroprotection.  

The potential significance of these factors can only be understood in relation to the evolution 

of HI injury. The central insight that underpinned development of therapeutic hypothermia 

was that there can be a significant latent phase after resuscitation in which the hypoxia-

induced impairment of cerebral oxidative metabolism, cytotoxic edema and accumulation of 

EAAs can at least partially recover, many hours before the development of irreversible 

failure of mitochondrial function (see Figure 1.9) [303]. Critically, EEG activity remains 

suppressed during the latent phase despite normal or even increased levels of high-energy 

phosphates. After moderate to severe HI insults, this period is followed by progressive 

secondary deterioration from ~6 to 15 hours, as shown by delayed onset seizures, brain cell 

swelling and accumulation of excitotoxins, near-complete and irreversible failure of cerebral 

mitochondrial activity, and ultimately spreading cellular death [753]. 
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Figure 1.9. Schematic diagram illustrating the pathological phases of cerebral injury after 
severe hypoxic-ischemia, and when analgesics or anticonvulsants may affect hypothermia. 
OFR, oxygen free radicals; NO•, nitric oxide; EAAs, excitatory amino acids. 

The preponderance of preclinical evidence strongly suggests that it is in the latent phase that 

interventions can reduce or increase brain injury, and that later interventions have limited or 

no effect. Mild hypothermia started in the latent phase (typically within the first 6 hours) 

after severe HI, and continued for up to 72 hours, reduced secondary cell loss and improved 

neurophysiological recovery in near-term fetal sheep [303]. In contrast, the same duration of 

mild head cooling started 8.5 h after cerebral ischemia, after the onset of secondary seizures 

in this paradigm, was not significantly neuroprotective [303]. Thus, treatments started within 

the first 6 hours after hypoxia-ischemia are most likely to affect neural outcomes. 

1.7.4. Stress and newborn infants with HI encephalopathy 

Infants with HI encephalopathy have by definition been exposed to a severe period of HI, 

typically leading to multi-organ dysfunction and injury. In addition to neuronal injury, this 

commonly includes myocardial damage leading to hypotension, impaired hepatic and renal 

function, respiratory dysfunction requiring prolonged respiratory support, and delayed onset 
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of generalized seizures [271; 303]. These complications often require painful or stressful 

medical procedures such as mechanical ventilation and venipuncture. Consistent with this, 

neonates needing mechanical ventilation have elevated serum beta-endorphin, cortisol, 

catecholamine and glucose levels [659; 331]. Similar increases in serum cortisol levels and 

sympathetic activity are seen after severe asphyxia without ventilation in the fetal sheep, and 

presumptively help support blood pressure during cardiac dysfunction [578; 401]. 

Induced hypothermia is a significant physiological stress in its own right [289]. For example, 

in fetal sheep, mild hypothermia was associated with more prolonged elevation of circulating 

cortisol levels after asphyxia [164]. Similarly, in the piglet, plasma cortisol levels during 

recovery from HI were higher during cooling than normothermia [702]. There is evidence 

that exposure to exogenous glucocorticoids after asphyxia can increase neural loss in preterm 

fetal sheep [401], and thus increased endogenous cortisol could be deleterious. Nevertheless, 

therapeutic hypothermia itself has not been associated with any apparent overall increase in 

systemic complications of asphyxia in large randomized controlled trials [205]. 

1.7.5. Analgesics and the physiological responses to pain and stress 

It is important to appreciate that although a stimulus triggers physiological responses, it may 

not necessarily be perceived as painful because consciousness is impaired by encephalopathy 

[475]. Nevertheless, infusion of analgesics such as morphine significantly reduces plasma 

cortisol and noradrenaline concentrations in ventilated newborns compared with placebo 

treatment [571; 659]. However, it is unknown whether analgesia during hypothermia reduce 

these stress responses, and clinical practice is variable because of the lack of clear evidence. 

Some randomized trials of hypothermia for encephalopathy consistently used opiates [658], 

but most used analgesics or sedatives at the discretion of attending clinicians. It is unknown 

whether this difference affected the benefit associated with cooling in these trials [205]. 
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Of concern, in ventilated preterm neonates pre-emptive morphine infusions decreased signs 

of pain but did not improve neural outcomes, while intermittent morphine treatment was 

associated with increased risk of death or brain lesions [12]. Moreover, hypothermia reduces 

clearance of morphine, and high-dose infusions based on clinical state can lead to potentially 

toxic levels of morphine in newborn infants [602]. Thus, it would be unwise to presume that 

pre-emptive analgesic use during therapeutic hypothermia is necessarily harmless. 

Are sedation or pain relief during hypothermia beneficial after asphyxia? 

Thoresen and colleagues reported that mild hypothermia for 24 hours was not protective 

after HI in un-sedated piglets [702], whereas they have found consistent protection with the 

same degree of cooling in piglets receiving either halothane anesthesia for at least 5 hours 

or intravenous anesthesia with propofol and remifentanil [304; 125]. The significance of 

these findings is unclear. Not only were the protocols not directly compared, but ‘sedation’ 

was achieved with general anesthetic agents, not analgesics. There is increasing evidence 

that some general anesthetic agents can be neuroprotective in rodent models after cerebral 

ischemia, as recently reviewed [107]. In contrast, in adult pigs no significant improvement 

in neuronal damage was found with isoflurane ventilation for 1 h immediately after cardiac 

arrest [243], although this may have reflected an insufficient duration of treatment. Indeed, 

neuroprotection with prolonged mild to moderate hypothermia after HI has been consistently 

observed in un-sedated / un-anesthetized fetal sheep, and neonatal rodents [303]. 

Speculatively, these contrasting results could partly reflect the differences in adaptation to 

hypothermia between species. Human newborn infants and fetal sheep rely on non-shivering 

thermogenesis by brown fat during induced hypothermia [289], and neonatal rodents rely on 

huddling, whereas the newborn piglet does not have brown fat, and instead shivers during 

hypothermia [702]. Potential, intense shivering in piglets might have been associated with 
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greater systemic disturbances than in species that do not shiver, and analgesic / anesthetic 

treatment may have suppressed shivering, as seen in adults [366]. 

Are analgesic agents neuroprotective after hypoxia-ischemia? 

There is little preclinical evidence that analgesic and sedative agents improve histological or 

behavioral outcomes after HI. Opiates have been reported to reduce oxidative damage in 

isolated brain mitochondria exposed to 5 minutes of anoxia, followed by re-oxygenation for 

5 minutes [228]. However, after HI in P7 neonatal rats a continuous infusion of morphine in 

clinical doses did not affect neuronal damage after 7 days recovery; indeed high-dose therapy 

(1 milligram (mg) / kilogram (kg) / h) was associated with significantly poorer weight gain 

[382]. Similarly, in P10 rats (broadly equivalent to the full-term human infant), morphine 

treatment was associated with reduced survival and no significant differences in the volume 

of infarcts, weight gain, or behavioral outcomes [229]. No studies of combined treatment of 

cooling with opiates were identified after a systematic PUBMED search. 

Other sedative agents: the α2-adrenergic agonists 

The latent phase is associated with suppressed EEG activity, and reduced brain blood flow 

and metabolism [753]. There is increasing evidence that this suppression is actively mediated 

by endogenous inhibitory neuromodulators, including noradrenaline acting through the α2-

adrenergic receptor. For example, blockade of α2-adrenergic receptor activity in the latent 

phase after asphyxia in preterm fetal sheep was associated with loss of EEG suppression and 

exacerbated neuronal loss [181]. Encouragingly, a low-dose infusion of the α2-adrenergic 

receptor agonist clonidine during the latent phase was neuroprotective [179], whereas high-

dose therapy was not protective (see Figure 1.10). Clonidine is only partially selective for 

the α2-adrenergic receptor. Thus, it is possible that a loss of neuroprotection with high-dose 

infusions was mediated through non-specific α1-receptor stimulation.  
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Figure 1.10. The effects of low- and high-dose clonidine infusions after total asphyxia in the 
preterm fetal sheep. Clonidine or normal saline were infused from 15 min after the end of 
occlusion until 4 hours later. (A, B) Examples of time sequence of changes in fetal EEG 
intensity after asphyxia in occlusion plus low-dose clonidine (A) and occlusion plus high-
dose clonidine (B). Note the increased seizure activity after the end of high-dose clonidine 
infusion compared with the low-dose infusion. A insert; Example of a seizure. These seizures 
typically occur from ~6-8 h after recovery from occlusion. (C) Effect of clonidine infusion 
on microscopically assessed numbers of surviving neurons in different brain regions at three 
days after cord occlusion, in the sham-vehicle (black bars), occlusion-vehicle (white bars), 
occlusion plus low-dose clonidine (angled hatched bars), and occlusion plus high-dose 
clonidine groups (cross-hatched bars). Note that there was a significant overall increase in 
numbers of morphologically normal NeuN-positive neurons in the low-clonidine group 
compared with the occlusion-vehicle group, whereas there was no effect of high-dose 
clonidine (P<0.005; repeated measures analysis of variance). Data are mean ± standard error 
of the mean (SEM). Modified from [179]. 
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Dexmedetomidine is a more highly selective α2-adrenergic agonist that is commonly used 

for sedation in pediatric and adult intensive care. Although it appears to be protective when 

started before ischemia [403], there is conflicting evidence in adult models for protection 

after cerebral ischemia. Post-ischemic administration of dexmedetomidine reduced the area 

of ischemic neuronal damage in the cortex but not the striatum after focal cerebral ischemia 

in the rabbit [448]. In the rat, dexmedetomidine was associated with reduced neural death in 

the hippocampus after global cerebral ischemia [218]. In contrast, dexmedetomidine given 

after 10 minutes of severe forebrain ischemia or transient middle cerebral artery occlusion 

in adult rats did not affect neuronal survival or infarct volume [378; 402]. Furthermore, after 

incomplete cerebral ischemia in rats, the combination of dexmedetomidine with hypothermia 

was associated with similar neuroprotection to the individual treatments alone [628]. 

There are few data in the neonatal brain. In vitro, dexmedetomidine reduced release of lactate 

dehydrogenase, a marker of neuronal death, during anoxia-hypoglycemia [580]. In 5-day old 

mice, both clonidine and dexmedetomidine significantly reduced ibotenate-induced brain 

damage [413]. In contrast, in P7 rats, dexmedetomidine after HI was not protective in itself, 

but intriguingly the combination of dexmedetomidine with the noble gas Xenon reduced 

damage and improved behavioral outcomes [580]. No neonatal studies of neuroprotection 

with combined therapy have been reported, but in piglets, cooling and HI reduced clearance 

of dexmedetomidine [222], so that conventional regimens were associated with toxic blood 

levels, again showing the importance of monitoring of any drug combined with cooling. 

1.7.6. Hypothermia and anticonvulsants 

Although excitatory amino acids are believed to play an important role in neuronal damage 

during HI, extracellular levels of glutamate and other potentially excitotoxic agents rapidly 

return to baseline values after reperfusion, as reviewed [753]. Extracellular levels do not rise 
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again until many hours later, after onset of the delayed deterioration of oxidative metabolism 

associated with seizures. Although early studies of anti-excitotoxic/ anticonvulsant agents in 

the P7 rat suggested substantial protection from HI [753], these studies did not control for 

brain temperature, and subsequent studies suggested that the protective effects of glutamate 

blockade after hypoxia-ischemia were either largely or synergistically mediated via drug-

induced hypothermia. In an elegant study in the adult rat, Nurse and Corbett showed that the 

apparent neuroprotective effect of NBQX, a glutamate antagonist administered from 1 hour 

after mild cerebral ischemia, was directly associated with mild endogenous hypothermia for 

several days that developed an hour after drug administration [530]. Strikingly, they showed 

that similar neuroprotection was induced by application of the same hypothermia profile 

over 28 hours, and that NBQX neuroprotection was abolished by maintaining normothermia. 

Furthermore, anti-excitotoxin therapy limited to the secondary phase did not reduce neuronal 

injury in the severely injured parasagittal cortex of term-equivalent fetal sheep, and had only 

limited neuroprotective effects in more mildly affected areas of the brain [694]. 

Nevertheless, even with normal levels of extracellular glutamate, excitotoxicity in the latent 

phase may still play an indirect injurious role. Pathological hyper-excitability of glutamate 

receptors has been reported in P10 rats for many hours after HI, with improved neuronal 

outcome after receptor blockade [363]. Further, neuronal death after ischemia has been 

associated with a selective, delayed change in the composition of the AMPA receptor, with 

specific down-regulation of GluR2, the subunit that limits Ca2+ influx through the AMPA 

receptor. In effect, this might facilitate further excessive influx of Ca2+ during spontaneous 

glutaminergic activity after HI, thus promoting programmed cell death [148]. 

Supporting this hypothesis, despite suppression of overall EEG activity for many hours after 

asphyxia, transient epileptiform activity in the early recovery phase after severe asphyxia in 



Chapter 1 - Introduction 

CC-BY-NC-ND  53 

preterm sheep fetuses correlated with severity of subcortical neural loss [61]. Suppression 

of these EEG transients with a glutamate receptor antagonist partially reduced cell loss [180], 

although the improvement was much less than with head cooling started at the same time 

[61]. Furthermore, neuroprotection with post-asphyxial moderate cerebral hypothermia in 

the preterm fetal sheep was associated with a marked reduction in numbers of epileptiform 

transients in the first 6 hours after asphyxia, and reduced the amplitude but not numbers of 

delayed seizures [61]. The combination of early glutamate receptor antagonist infusion and 

delayed hypothermia after asphyxia in preterm fetal sheep was associated with non-additive 

neuroprotection [256]. These findings suggest that therapeutic hypothermia might be partly 

protective by attenuating receptor hyperactivity, and thus that there is limited potential for 

benefit for combination treatment of anticonvulsants and cooling. Further studies are needed 

to determine whether this is also the case after HI injury in the term-equivalent brain.  

There is some evidence in rodents that early anticonvulsant treatment can help to extend the 

window of opportunity for later induced ‘therapeutic’ hypothermia. For example, in P7 rats, 

neither topiramate given 15 min after HI or 3 hours of mild hypothermia started 3 hours after 

hypoxia-ischemia were protective on their own, whereas the combination was associated 

with significantly improved functional outcomes and reduction in cerebral infarction after 8 

days recovery [438]. Similarly, phenobarbital improved long-term outcomes when given in 

combination with delayed hypothermia for 3 hours [39]. It is essential to appreciate that in 

these preclinical studies, the agents were not being used as anticonvulsants; rather treatment 

was given early in the latent phase well before the onset of secondary seizures. 
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Treatment of overt seizures during hypothermia 

No systematic preclinical studies of combination therapy of anticonvulsants and cooling 

were identified on PUBMED. Treatment with MK-801, a highly potent selective glutamate 

receptor antagonist, started 6 hours after cerebral ischemia, prevented delayed post-ischemic 

seizures and completely suppressed the fetal EEG activity [694]. Strikingly, there was no 

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

regions such as the temporal lobe [694], compared with global, partial improvement with 

cerebral hypothermia started at 5.5 hours after ischemia in the same model [752]. Taken as 

a whole, these research findings suggest that severe seizure activity in the secondary phase 

might contribute to spreading of injury from the core area of damage to more mildly affected 

regions, and thus anticonvulsant therapy may have some benefit during normothermia.  

Clinical studies have reported an apparent reduction of the seizure burden during cooling of 

infants with HI encephalopathy [269; 675]. This is consistent with a small reduction in brain 

metabolism during hypothermia that would help to reduce local metabolism during seizures. 

Thus, it is highly unclear whether there would be any further benefit from combined therapy 

with anticonvulsants. One retrospective study comparing infants who received phenobarbital 

before initiation of hypothermia (n = 36) to infants who did not receive phenobarbital (n = 

32), suggested that anticonvulsant treatment before initiation of cooling was independently 

associated with a worse composite outcome of neonatal death or abnormal post-hypothermia 

brain MRI [624]. Thus, phenobarbital was not apparently beneficial during induced cooling. 

However, since the analysis was retrospective, this study cannot rule out the possibility that 

the outcome might have been affected by treatment of infants with greater risk.  
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1.7.7. Conclusions 

As reviewed here, recovery from perinatal asphyxia, clinical management and therapeutic 

hypothermia are all associated with clear physiological evidence of stress responses. These 

responses are suppressed in normothermic infants by conventional analgesic therapy. Thus 

it is tempting to recommend routine analgesic therapy, although it is unknown whether the 

effects are the same during therapeutic hypothermia. However, there is preclinical evidence 

that opiates are not protective after normothermic HI and may increase mortality, while there 

is limited evidence that α2-adrenergic agonist therapy can be neuroprotective after HI. It is 

particularly striking that dose-response studies suggest that low-dose infusion of these agents 

could be protective, whereas higher dose therapy, at levels consistent with clinical sedation, 

was not efficacious. Moreover, hypothermia dramatically reduces clearance of many agents, 

leading to toxic accumulation if these drugs are given at conventional doses. Thus, at present 

pre-emptive therapy cannot be recommended. Further systematic preclinical dose-response 

studies of these agents during hypothermia and randomized controlled trials are essential. 

1.7.8. Practice points 

• Both systemic hypothermia and asphyxia reduce the clearance of many analgesic, 

sedative, and anticonvulsant drugs. 

• The effects of sedative and analgesic therapy during induced cooling on short and long-

term outcomes are unknown and caution is essential. 

• It is unknown whether anticonvulsant therapy during induced cooling improves long-

term outcomes, and caution is essential. 
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1.8. Therapeutic Hypothermia - Past, Present, and Future? 

Therapeutic hypothermia is now standard-of-care treatment for term infants with moderate-

severe HIE, in developed nations. This achievement is the culmination of the long, at times 

chequered, history of hypothermia. The earliest recommendations for cooling can be traced 

back to the Ancient World. For example, the Egyptians, Greeks and Romans used induced 

cooling for battle-inflicted trauma and brain disturbances [122], while the Greek physician 

Hippocrates observed that exposed infants survived longer in winter than summer [322].  

Many centuries later, physiologists such as Claude Bernard and William Edwards described 

the effects of cooling on the human body [209; 73], and observed that asphyxiated newborn 

kittens were able to continue to gasp for much longer when they were being actively cooled 

[209]. These findings were later confirmed in other animal species [479; 768], with improved 

functional outcomes after cooling during hypoxia. The scientific rationale for these studies 

was that hypothermia would reduce the rate of metabolic breakdown during anoxia and thus 

prolong survival [96]. However, it is critical to appreciate that these studies did not directly 

examine the key clinical question of whether cooling after asphyxia was protective.  

These encouraging findings were applied in human newborns in a series of uncontrolled case 

studies in the fifties to mid-sixties [769; 155; 481], in which asphyxiated babies unresponsive 

to initial resuscitation were submerged in an ice-cold bath up to the neck until spontaneous 

respiration resumed or core temperature decreased to 25ºC. These infants were then allowed 

to spontaneously rewarm, typically over ~24 h. Neonatal outcomes after such resuscitative 

cooling at birth were reported to be better than historical controls in over 200 asphyxiated 

neonates [480]. Nevertheless, this approach was overtaken by the concurrent development 

of active resuscitation techniques, emerging case reports of subcutaneous fat necrosis with 

extensive calcification after cooling [199], and the finding that induced hypothermia was 
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associated with increased neonatal oxygen requirements and greater mortality rates among 

premature neonates [657; 106; 172; 200]. Because of this discouraging evidence, therapeutic 

hypothermia for HI encephalopathy fell into disfavor for the next three decades.  

Interest in cooling was later revitalized by several important discoveries. First, the seminal 

observation among several scientific groups that perinatal brain damage evolves over time 

after the primary insult [23; 609; 303], which suggested the possibility that there could be a 

window for treatment even after resuscitation. Second, the apparent neuroprotection in some 

pharmacological studies were partially related to drug-induced hypothermia [336; 531]. 

Where do we stand with therapeutic cooling? 

As discussed in chapter 1.6, animal studies have now shown that hypothermia is protective 

after HI and broadly determined the parameters required for neuroprotection (as reviewed in 

[753] and Figure 1.11). Based on these preclinical results, randomized controlled trials have 

consistently started treatment within 6 hours of birth, cooling to either 34.5 ± 0.5°C for head 

cooling, or 33.5 ± 0.5°C for whole-body cooling and continued treatment for at least 48 to 

72 hours, as reviewed [350]. These protocols are associated with consistent improvement in 

outcomes after moderate-severe neonatal encephalopathy, but also suggest that mild induced 

hypothermia is only partially protective with a number needed to treat between six and nine 

depending on the outcome and severity of HIE [350]. Thus, many babies continue to suffer 

brain damage and neurodevelopmental disability even after induced hypothermia. Therefore, 

finding new approaches to further reduce the burden of neonatal injury is essential. 
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Figure 1.11. Comparison of head cooling, begun at different times after 30 min of cerebral 
ischemia (hypothermia started at 1.5, 5.5 and 8.5 h, respectively) and continued until 72 h 
after reperfusion, on neuronal loss in the parasagittal parietal cortex after 5 days recovery. 
Compared to sham-normothermia (control, n = 13), hypothermia started 1.5 h (n = 7) after 
ischemia was most neuroprotective, whereas hypothermia from 5.5 h (n = 11) was partially 
protective, with near-complete loss of neuroprotection when cooling treatment was delayed 
until seizures had developed (8.5 h after reperfusion, n = 5). Hypothermic fetuses included 
in this analysis had their extradural temperature maintained below 34ºC. Data presented as 
mean ± SEM; between-group comparisons by Mann-Whitney post-hoc. *P<0.05 vs. sham-
normothermia. Data adapted from [298; 299; 294]. 

The hypothermic parameters used in randomized clinical trials that later assessed therapeutic 

cooling in term neonates were relatively homogenous. This allowed the easy combination of 

these trials in meta-analyses, but one limitation is that important questions with regards to 

optimal starting time, and depth and duration of treatment are still unclear. Investigators have 

begun to address these gaps in our knowledge, as discussed next and reviewed [168]. 

1.8.1. When should cooling be started? 

The dramatic gradual loss of protection with increasingly delayed hypothermia in preclinical 

studies [298; 299; 294], as illustrated in Figure 1.11, is highly consistent with recent clinical 

findings. For example, one small cohort study in asphyxiated newborns demonstrated better 

motor outcomes when cooling was started within 3 h of birth than when hypothermia was 

initiated between 3 to 6 hours [705]. Nevertheless, therapeutic hypothermia was started only 
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within 4 hours of birth in approximately 12% of the infants in a large randomized controlled 

trial [271]. Thus, partial protection with current cooling protocols at least partially reflects 

the formidable pragmatic challenges involved with starting hypothermia early enough within 

the therapeutic window of opportunity [303]. Thus, one rational approach to further improve 

neonatal outcome would be through earlier diagnosis and initiation of treatment. 

Many newborns with HIE are born in smaller hospitals and need to be transported to referral 

facilities with appropriate intensive care facilities that can provide therapeutic cooling. The 

time required for diagnosis and neonatal transport inevitably delays treatment and so impairs 

protection. Ultimately, remote hospitals and facilities with limited resources may struggle to 

transport newborns within the required 6 h, which could result in exclusion of newborns who 

might have benefited from treatment. This has been addressed in centers by starting passive 

cooling by discontinuing overhead heating, or through cooling with ice gel packs applied to 

the head or trunk [351] or, in some centers, by using servo-controlled cooling blankets [634].  

For example, Fairchild and colleagues reported that the average delay from birth until a rectal 

temperature below 34ºC was achieved was 2.6 ± 1.8 h for inborn infants, 3.9 ± 1.6 h for 

infants that were cooled before and during transport, and 9.8 ± 6.2 h for outborn infants who 

were not cooled until arrival at the NICU [223]. Likewise, infants cooled passively during 

transport reached their target temperature (33.5ºC) approximately 2 h faster than infants who 

were not cooled [534]. Notably, retrospective analysis by Fairschild et al highlighted the 

practical difficulties encountered with passive and adjunct ice pack cooling since only 23 of 

35 infants were maintained within the target temperature range (32 to 35ºC) during transport, 

and accidental overcooling to below 32ºC occurred in the remaining twelve patients. This 

observation is consistent with earlier reports of overcooling during transport [310; 132], and 

shows that continuous temperature monitoring during cooling is absolutely essential. 
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Alternatively, active hypothermia using a setup compatible with ambulance power supplies 

has also been proven effective. For example, in a cohort study of 100 newborn babies, active 

cooling during transport using a cooling blanket servo-controlled with rectal and esophageal 

temperature probes led to more neonates (80% vs. 49%) reaching their target temperature 

(rectal temperature of 33.5ºC) 1 h faster than using passive or ice pack cooling [4]. In a small 

cohort study of 46 cases [535], 84% of neonates actively cooled with a purpose-built cooling 

machine (n = 19) had temperatures within the therapeutic range upon arrival at the tertiary 

unit, compared with 47% of infants (n = 17) receiving adjunct cooling and 20% of infants (n 

= 10) who were cooled passively. Further research is needed to confirm whether this strategy 

of initiating cooling during transport is also associated with better neurologic outcomes. 

1.8.2. Duration and depth of hypothermia 

There is evidence that hypothermia is less protective for infants with more severe perinatal 

brain damage, but that this loss of neuroprotection might be, at least partially, mitigated by 

a sufficient duration of cooling. Clinically, cerebral hypothermia to between 34-35ºC for 72 

hours in newborn infants with moderate to severe neonatal encephalopathy only improved 

survival without neurodevelopmental disability in infants with milder amplitude-integrated 

(aEEG) abnormalities [271]. Consistent with this, in newborn piglets, greater depletion of 

high-energy phosphates from 6-48 h after severe cerebral ischemia, an index of secondary 

energy failure, was associated with greater neural death during cooling (33ºC and 35ºC) in 

cortical, but not deeper grey matter [348]. Similarly, hypothermia to 34ºC was associated 

with hippocampal neuroprotection after 8, but not 12 min, of forebrain ischemia in adult rats 

[136], while in gerbils, 12 hours of whole-body cooling started 1 hour after bilateral carotid 

occlusion reduced hippocampal injury after 3, but not 5 min, of cerebral ischemia [145]. 
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Animal studies suggest that longer durations of cooling can help restore protection. Thus, in 

contrast to the findings above, when whole-body hypothermia was extended for 24 h after 5 

min of global ischemia in adult gerbils, there was near-complete neural preservation in the 

CA1 region of the hippocampus at 30 days recovery [145]. In agreement, systemic cooling 

(33ºC, with rewarming at a rate of 1°C/h) in adult rats for either 12, 24 or 48 hours started 1 

h after focal ischemia were all associated with reduced neurobehavioral deficits, but motor 

deficits and brain lesions were improved only after 24 to 48 hours of cooling [137]. However, 

further prolongation of delayed cerebral hypothermia to 120 h after global ischemia in near-

term fetal sheep did not improve EEG or SEF, compared to cooling for 72 h [168]. Histologic 

assessment suggested a minor reduction in neuronal survival in the cortex and dentate gyrus 

(DG) of the hippocampus after cooling for 5 days compared with standard hypothermia for 

3 days, and no difference between 3 and 5 days of cooling in other neural regions. Likewise, 

three and five days of induced cooling were associated with an identical, partial restoration 

of myelin basic protein (MBP) and numbers of total, Olig2-positive oligodendroglia after 

global cerebral ischemia, although longer cooling resulted in more residual microglia [170]. 

Finally, in adult rats, unilateral cerebral hypothermia for 2, 4, or even 7 days started 1 h after 

forebrain ischemia also did not further improve neural survival in the hippocampus, although 

encouragingly there were no detrimental effects on brain plasticity markers either [656]. 

What degree of cooling is optimal for neuroprotection? 

The degree of cooling is critical for hypothermic neuroprotection. In near-term fetal sheep 

(core temperature of ~39.5ºC), cortical neuroprotection was achieved below an extradural 

temperature of 34ºC after cerebral ischemia [298; 297]. In adult rats, 4 hours of whole-body 

cooling to rectal temperatures of either 34ºC or 33ºC, but not 35ºC or 36ºC, reduced infarct 

size and brain edema after transient forebrain ischemia [400]. Although histologic outcomes 

were comparable between 34ºC and 33ºC, neurologic function after 5 days was significantly 
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better after cooling to 34ºC. Similarly, Colbourne and colleagues showed that 24 h of whole-

body cooling to either 34ºC or 32ºC started 1 h after brief global forebrain ischemia in adult 

gerbils, were both associated with behavioral and histological improvements but with no 

greater benefit from deeper cooling to 32ºC [146]. Finally, in asphyxiated 7-day old rats, 

deeper whole-body cooling to a rectal temperature of 30ºC compared to 33ºC for 24 or 48 

hours also failed to further improve hemispheric lesion volume or functional outcomes after 

5 weeks, compared to normothermic rats kept at a rectal temperature of 36ºC [417]. 

These results are all consistent with recent evidence in newborn piglets, where whole-body 

cooling between 2-26 hours after HI from a core temperature of 38.5ºC to either 35ºC or 

33.5ºC prevented secondary oxidative metabolic dysfunction and reduced neuronal injury to 

similar extent [9]. In contrast, deep cooling to 30ºC was associated with reduced subcortical 

neuroprotection [9] and higher risk of hypotension, metabolic derangement, and fatal cardiac 

arrest [388]. In agreement with these findings in animals, a large NICHD trial had enrolment 

discontinued halfway (364 of 726 infants were recruited) when prolonged hypothermia for 

120 h or deep cooling to 32ºC, or a combination of both was associated with a trend towards 

greater neonatal mortality, compared with standard hypothermia (33.5ºC for 72 h). Follow-

up assessment of neurodevelopmental disability at 18-22 months is currently ongoing but 

the probability of finding significant overall benefit from either longer or deeper cooling is 

estimated at less than 2% by the interim futility analysis [650]. 

We should note that effective neuroprotection was found in the animal studies discussed 

above with reductions in core temperature from 3.5ºC to 5ºC, consistent with a reasonably 

wide therapeutic range. The current, established clinical protocols for whole-body cooling 

were conservatively derived on the least degree of hypothermia for which there was animal 

evidence of neuroprotection. The apparent adverse effects with deeper hypothermia in the 



Chapter 1 - Introduction 

63 

prospective trial from Shankaran and colleagues likely reflects a combination of the often 

severe multi-system organ dysfunction that is associated with clinical hypoxia-ischemia, and 

the adverse effects of deeper hypothermia on cardiac or respiratory function [297]. 

In summary, these reports suggest a complex relationship between severity of brain damage, 

and the depth and duration of hypothermia. Therapeutic cooling exhibits a narrow sigmoidal 

relationship, with critical neuroprotection attained below 34ºC but no substantial protective 

benefit with deeper cooling and a greater risk of serious complications. Deep hypothermia 

reduces cardiac contractility, leading to reduced cardiac output and potential hypotension in 

infants with asphyxial myocardial injury [771]. In contrast, no major adverse effects of mild 

hypothermia have been reported. The physiological effects from mild cooling include sinus 

bradycardia and a brief rise in blood glucose, mild reduction in platelet counts, and reversible 

scalp edema underneath the cooling cap with selective head cooling. These symptoms are 

well-tolerated by the neonate during induced therapeutic hypothermia [271]. 

1.8.3. The rate of rewarming from hypothermia 

The optimal rate of rewarming after whole-body or selective head cooling remains unclear. 

Most clinical trials of therapeutic hypothermia for neonatal HIE have sought to cautiously 

rewarm infants at no more than 0.5ºC per hour [271; 649; 24]. This approach was based on 

empirical concerns that rapid rewarming might destabilize cardiovascular or neural function 

[706; 50], or reverse the hypothermic suppression of harmful processes like excitotoxicity 

or oxidative stress [507; 312]. Although reasonable on precautionary grounds, it is not based 

on convincing scientific evidence. For example, in preterm and term-equivalent fetal sheep, 

prolonged cerebral hypothermia to 29-33ºC after severe HI was associated with consistent 

protection of white and grey matter, even after spontaneous rewarming [298; 599; 65]. The 
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ideal rate of rewarming from hypothermia was not directly investigated in this thesis, but its 

implications will be reviewed in the discussion as part of potential future studies. 

Finally, more severe HI can shorten the latent phase and is followed by greater secondary 

energy failure [348]. This might significantly reduce the available window of opportunity 

for hypothermic neuroprotection with clinical cooling protocols. Biological variation such 

as differences in the metabolic reserve of the fetus, as discussed in chapter 1.3.3, can further 

modulate fetal responses to HI insults. Taken together, these factors help explain why those 

asphyxiated neonates with highly abnormal aEEG background patterns after birth showed 

lesser hypothermic neuroprotection after therapeutic hypothermia [271]. 

1.8.4. Head versus whole-body cooling - which is better? 

Protection of the brain can be achieved through different strategies. The brain can either be 

cooled through whole-body cooling or selective head cooling. In essence, systemic cooling 

aims to provide homogenous hypothermia to the cerebral cortex and deep brain structures, 

whereas selective cooling of the head preferentially cools the cortex compared with central 

brain regions [410]. Given the different patterns of hypoxic-ischemic injury involving either 

the cerebral cortex or subcortical structures like the basal ganglia and thalamus in the human 

neonate [38], either hypothermic strategy would be reasonable in principle. 

Ideally, robust neuroprotection would be attained with minimal cardiovascular compromise 

in already critically ill newborns. The Cool Cap trial showed that adequate cerebral cooling 

can be achieved successfully using a cooling cap selectively applied around the head, while 

minimizing the degree of secondary systemic hypothermia with an overhead radiant heater 

[271]. Clearly, some mild degree of systemic hypothermia during head cooling is desirable 

to avoid scalp injury from excessively low temperatures [51], but also to provide some level 

of protective cooling to deep brain structures. In this regard, Thoresen and colleagues have 
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shown in neonatal piglets that selective head cooling to 33.5ºC after HI was associated with 

a sustained median reduction of 5.3ºC in basal ganglia relative to rectal temperature [704]. 

There is limited evidence in newborn piglets that the degree of cooling required for optimal 

neuroprotection might be relatively greater for the cortex than the basal ganglia [349]. Thus, 

given that the established temperature gradient between the cortex and more central brain 

structures like the basal ganglia was 1.1 ± 0.9ºC during whole-body cooling and about 6ºC 

during head cooling [410; 704], perhaps selective cooling of the head would provide a more 

favorable hypothermic environment for cortical protection [711; 295], while simultaneously 

providing adequate protection to deeper layers of the injured brain. In agreement with this 

hypothesis, a small cohort study reported a significant reduction in severe cortical lesions 

with head cooling, but not whole-body cooling, while lesions in the subcortical basal ganglia 

and thalamus were equally reduced in both cooling groups in newborns with milder aEEG 

abnormalities [617]. In contrast, Sarkar et al demonstrated a higher incidence of more severe 

mixed HI lesions in a cohort of neonates that underwent head rather than body cooling [626], 

although respiratory distress and organ dysfunction was similar between groups [625].  

In practice, however, a recent comprehensive meta-analysis by Tagin et al of seven cooling 

trials reported significant and highly similar reductions in risk of neonatal mortality or major 

disability from both selective head cooling and whole-body cooling in infants with moderate 

to severe HIE [690]. Thus, these hypothermic strategies appear equivalent. However, since 

whole-body cooling is easier to implement with servo-controlled temperature regulation, it 

might be preferable to head cooling when cooling is started during neonatal transport.  

In summary, there is now compelling experimental and clinical evidence that hypothermia 

can reduce neural loss and improve neurodevelopmental outcomes after a HI insult at term-

equivalent [206; 753], and these cooling protocols appear reasonably close to optimal. Based 
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on this evidence, similar hypothermia regimens were used for the cooling studies described 

in this thesis. In chapter 5, early or delayed mild hypothermia was induced with whole-body 

cooling to assess the effect of partial loss of hypothermic neuroprotection on electrocortical 

recovery in preterm fetal sheep. Whole-body cooling was preferred in these studies because 

fetuses were also instrumented with spectroscopy probes to investigate cortical oxygenation 

for an unrelated study. The required position on the scalp combined with the fragility of such 

probes makes it incompatible with concurrent placement of a cooling cap on the fetal head. 

In contrast, delayed head cooling was used for the co-treatment studies in chapter 7. The rate 

of rewarming was not directly investigated in this thesis as described above, and thus both 

experimental studies used induced hypothermia, followed with spontaneous fast rewarming 

to allow direct comparison with historical animal cohorts from our laboratory. 

1.8.5. When does cooling make a difference, and how do we know? 

Preclinical studies allow careful titration of the primary insult and well-timed application of 

therapies for optimal protection. The severity and timing of the insults that lead to HIE are 

seldom well-defined in clinical practice. For example, placental abruption which terminated 

with caesarean delivery accounted for ~25% of all cases [764], whereas many term (10-15%) 

and preterm babies (~35%) with HIE show evidence of asphyxia before birth [764; 444]. 

These fundamental considerations suggest that only a subset of asphyxiated newborns will 

ever be able to fully benefit from neuroprotective treatments, and highlight the urgent need 

for reliable biomarkers that can screen suitable candidates for hypothermic intervention, for 

prognostication and monitoring favorable response to clinical cooling. Several prognostic 

indicators are relevant for neonatal encephalopathy and these are discussed next. 
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1.9. Prognostic Markers of Hypoxic-Ischemic Encephalopathy 

The true clinical window of opportunity for treatment with induced hypothermia, or indeed 

other putative therapies, is unknown. Thus, prompt identification of neonates with evolving 

HIE who might benefit from current and emerging therapies is essential. Eligibility criteria 

for therapeutic cooling follows a stepwise protocol that, in newborns greater than 35 weeks 

gestation, aims to commence hypothermia within 6 hours of birth. Current criteria typically 

include an Apgar score of 5 or less or continued need for resuscitation at 10 min after birth, 

or severe metabolic acidosis defined as a pH ˂  7.00 or base deficit ≥ 16 mmol/L soon (within 

60 minutes) after birth [21]. Eligible infants are then assessed for signs of moderate to severe 

hypoxic-ischemic encephalopathy, usually according to the (modified) staging of Sarnat and 

Sarnat [627]. These signs include lethargy, stupor or coma and either hypotonia, abnormal 

primitive or autonomic reflexes, or clinical evidence of stereotypic seizures.  

These criteria are based on those used in the large prospective clinical trials of hypothermic 

neuroprotection [206], and remain largely unchanged as part of the recommended guidelines 

[588]. However, even though moderate to severe asphyxial encephalopathy at term might be 

apparent to the clinician, mild to moderate HIE is much harder to distinguish. The diagnosis 

in preterm newborns is even more challenging. For example, 20% of term infants with mild 

HIE were not eligible for clinical cooling and had adverse short-term outcomes [201]. This 

raises concern that neonates might appear well during the transient latent phase of evolving 

encephalopathy, but show worsening neurological condition thereafter. This is problematic; 

especially since reports show benefit from hypothermia outside standard criteria [699]. 
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1.9.1. Biochemical assessments 

Exposure to HI around birth can be deduced from a combination of biological markers like 

the presence of abnormal fetal heart rate traces, acid-base disturbances on umbilical cord or 

fetal scalp blood gases (changes in pH or base deficit), or need for resuscitation (e.g. Apgar 

score), as reviewed [60]. However, non-reassuring fetal heart rate traces have a low positive 

predictivity for neonatal morbidity as discussed above [515], whereas pathological changes 

in the acid-base status demonstrate a better (but not great) correlation with adverse neonatal 

outcomes at the extreme end of metabolic acidemia. 

For example, severe metabolic acidosis (with a base deficit ≥ 18 mmol/L at 30-45 min after 

birth) was associated with moderate to severe encephalopathy in 80% of term neonates, but 

no cases occurred with base deficits ≤ 10 mmol/L [755]. In contrast, ~26% of patients with 

base deficits greater than 10 mmol/L developed moderate to severe HIE. Likewise, Low and 

colleagues demonstrated that less than half of newborns had significant encephalopathy with 

umbilical artery base deficits >16 mmol/L, whereas HIE still occurred (in less than 10% of 

patients) with moderate acidemia (with base deficits of 12-16 mmol/L) [445]. Consistent 

with this, population-based studies have shown that a low pH (pH < 7.1) was associated with 

increased adverse outcomes [795; 397]. However, even in these large studies less than 10% 

of neonates with severe acidosis (pH < 7.0) developed moderate-severe HIE, whereas many 

newborns with adverse outcome had no evidence of acidosis. Unsurprisingly, abnormal fetal 

heart rate tracings are not unusual in babies with acidosis (pH ≤ 7.09) that develop HIE [764]. 

Several biochemical biomarkers in the brain are activated in response to HI and so have been 

suggested as potential predictors of HIE [60; 3]. The detailed discussion of these biomarkers 

falls beyond the scope of this thesis. However, in short, limited data indicates that proteins 

such as neuron-specific enolase (NSE), brain-specific creatine kinase (CK-BB), activin-A 
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and S100β, and IL-1β and IL-6 are released into the blood and cerebrospinal fluid following 

perinatal asphyxia, and can be measured in human infants [500; 48; 239]. Meta-analysis has 

shown that serum IL-1β and IL-6, and cerebrospinal fluid NSE and IL-1β measured within 

96 h from birth in encephalopathic survivors were predictive of adverse neurodevelopmental 

outcomes, whereas urine lactate, first urine S100, cord blood IL-6, serum non protein-bound 

iron, serum cell NF-kβ, serum IL-8 and ionized calcium were potential predictors of neonatal 

mortality and abnormal neurologic outcomes in individual experimental studies [581]. 

However, there are several critical limitations that require consideration. First, biomarkers 

are not all brain-specific and thus might also reflect multi-organ dysfunction. Second, these 

biomarkers were frequently quantitated when the latent phase had passed, which is too late 

for therapeutic intervention. Further, many previous studies have used short-term outcome 

criteria (e.g. Apgar scores, acid-base status, or Sarnat and Sarnat staging) that have limited 

discrimination for neurodevelopmental outcome in newborns with moderate HIE [60]. For 

example, elevated serum S100β and CK-BB levels within 24 h after birth were associated 

with perinatal asphyxia, but not with adverse neurologic outcome at 20 months of age [500]. 

More encouragingly, increased serum NSE, S100β and GFAP levels during supportive care 

or hypothermia were correlated with death, brain injuries on modern imaging [461], and 

neurologic impairment on Bayley Scales (BSID) assessment [601; 128]. Thus, some of these 

biomarkers might distinguish mild from severe brain damage in asphyxiated newborns, but 

whether they can predict functional outcomes for moderate HIE remains unclear. 
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1.9.2. Neurological examination of the neonate 

Almost all newborns are assessed at birth with the Apgar score [14], which provides a fast 

index of signs of neonatal depression that include bradycardia, pallor or cyanosis, depressed 

reflex responses to external stimulation, muscle hypotonia, and poor gasping respirations or 

apnea. Low 1-min and 5-min Apgar scores correlate with increased risk for cerebral palsy 

[487] but their sensitivity and positive predictivity for adverse neonatal outcome is low [516; 

614]. However, the combination of a low 5-min Apgar score and a base deficit greater than 

20 mmol/L had high sensitivity (66.7%) and specificity (100%) for poor outcome [710]. 

Furthermore, severely depressed Apgar scores at 10 min were also associated with late HIE 

[104], neonatal death and adverse neurodevelopmental outcome at 18-22 months and 6-7 

years [411; 512]. The limitation of these findings is that very low Apgar scores (between 0-

3) are uncommon, and occurred in less than 20% of neonates with moderate to severe HIE 

in the CoolCap trial [271]. Neurobehavioral examination at discharge and a modified Sarnat 

and Sarnat (for HIE) grading also correlated with neurological outcome at 24 months of age 

[494], with faster improvement in HIE (from severe to moderate or moderate to mild or 

none; P ≤ 0.01) in hypothermic babies, compared with normothermic babies [651]. However, 

the relative improvement was similar for infants with moderate (stage II, relative risk (RR) 

0.79, 95% confidence interval (CI) 0.57-1.11) and severe HIE (stage III, 0.77, 0.67-0.96) 

[295]. Therefore, these examinations might be useful for monitoring ‘favorable’ response to 

hypothermia, but probably do not distinguish the ‘treatable’ from ‘untreatable’ patients. 
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1.9.3. Spectroscopy and imaging of the neonatal brain 

Magnetic resonance spectroscopy (MRS) and near-infrared spectroscopy (NIRS) provide 

functional non-invasive measures of cerebral energetics and oxygenation, and can be used 

to estimate real-time recovery of mitochondrial oxidative function after birth. For example, 

Hope and colleagues first showed with MRS in term newborns with moderate-severe HIE, 

that high-energetic substrates quantitated as the ratio of phosphocreatine (PCr) to inorganic 

orthophosphate (Pi) and ATP to total phosphorus frequently normalized after birth but then 

fell again [329; 23], despite adequate oxygenation and perfusion. The severity of the delayed 

metabolic derangement was highly predictive of both neonatal death and adverse long-term 

neurodevelopmental outcomes [785; 609; 347]. As discussed, these observations suggested 

the hypothesis that cellular death evolves after resuscitation and might be treatable [753]. 

In neonatal pigs, progressive cerebral energy failure after HI, with depletion of high-energy 

metabolites, was correlated with loss of cytochrome oxidase on NIRS [131; 562]. Critically, 

cytochrome c oxidase is the terminal protein complex of the mitochondrial respiratory chain 

responsible for generation of cellular ATP [105]. Consistent with this, mitochondrial failure 

after HI, with functional or histologic loss of enzymatic cytochrome oxidase, was predictive 

of neural injury in neonatal rodents and piglets [514; 456; 562] and neurologic deterioration 

in anoxic cats [738]. Preterm-equivalent fetal sheep exhibit a similar biphasic pattern of early 

recovery in intracerebral mitochondrial function, as shown by cytochrome oxidase levels on 

NIRS (Figure 1.12), with progressive deterioration from ~3 h after severe asphyxia [66]. In 

parallel, intracerebral oxygenation (i.e. oxygenated - deoxygenated hemoglobin) fell from 3 

to 4 h after asphyxia, followed by a progressive increase to above sham levels. This increase, 

despite suppressed carotid blood flow and EEG activity until 72 h after asphyxia, suggests 

luxury cerebral perfusion [66]. Hence, these data indicate that mitochondrial failure and cell 

death also evolve after HI in the preterm brain, and so is potentially treatable. 
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Figure 1.12. Changes in epileptiform transients (panels A and B), electroencephalographic 
activity (EEG power, dB, panel C), delta hemoglobin (DHb, µmol/100g, panel D) and 
cytochrome oxidase (panel E) in preterm fetal sheep that received sham occlusion (control, 
open circles) or umbilical cord occlusion (closed circles). The (25 min) period of occlusion 
is omitted (t = 0). In particular, note the progressive reduction in cytochrome c oxidase 
activity and development of epileptiform transients (example shown in panel A) during the 
latent phase (indicated by the shaded rectangle), which peaked from 3-4 hours (panel B) and 
coincided with intracerebral deoxygenation (DHb = HbO2 – Hb, panel D). Data are hourly 
averages and presented as mean ± SEM. *P<0.05, $P<0.01, occlusion vs. control animals. 
Figure amended with permission [66]. 
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Consistent with these observations, in small cohort trials (7 and 18 infants) of asphyxiated 

term newborns who received therapeutic hypothermia, cerebral metabolic rate and regional 

cerebral blood flow were lower within 72 h of birth in neonates that had severe HIE on aEEG 

relative to infants with moderate HIE [780], with increased cerebral oxygen saturation values 

(within 10 hours from birth) in neonates that developed brain damage [564]. Azzopardi and 

colleagues showed in a recent randomized controlled trial of Xenon-augmented cooling in 

encephalopathic term babies that lactate to N-acetyl aspartate ratio did not differ according 

to severity of abnormality on aEEG at randomization [20]. In contrast, lactate to N-acetyl 

aspartate ratios on MRS were much lower in infants with normal to mildly abnormal results 

on neurological examination at discharge, compared with newborns that had moderately to 

severely abnormal examination outcomes. Thus, these preclinical features can be useful for 

monitoring response to therapies, but appear to develop too late for use in recruitment. 

Can magnetic resonance imaging help with prognostication? 

Magnetic resonance imaging (MRI) provides detailed information on brain lesions after HI 

[41]. In particular, damage to the basal ganglia and thalami, and posterior limb of the internal 

capsule (in newborns older than 36 weeks of age) is highly predictive of death or abnormal 

neurodevelopment [439; 176], even after therapeutic hypothermia [86]. Imaging is typically 

performed at 1-2 weeks after birth when perinatal lesions are more apparent on conventional 

sequences [36; 615], which is too late for therapeutic intervention. Small clinical trials show 

a high correlation between HI damage scores on early and late MR imaging. For example, 

imaging on the second to sixth day (i.e. during or after cooling), but not the first day, of life 

was consistent with later perinatal brain injuries [471; 779; 90; 126]. Hence, imaging might 

also prove helpful in monitoring the response to acute neuroprotective treatments, and could 

assist in the targeting of restorative therapies such as stem cells. Of course, this would require 

transport of sick neonates to imaging facilities for neurotherapeutic evaluation. 
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1.9.4. Neurophysiological monitoring of the neonate 

Continuous neurophysiological monitoring with conventional (video) EEG and aEEG has 

become an important diagnostic tool in neonatal intensive care [268], particularly in term 

infants suspected of having HIE [19]. It has also proven useful in high-risk preterm infants 

although this has not been tested as extensively [709]. The features on EEG traces associated 

with perinatal HI brain damage include abnormalities in background pattern, amplitude and 

frequency, sleep-wake cycling and inter-burst intervals, and development of seizures. 

A recent meta-analysis showed that early background pattern abnormalities on aEEG (e.g. 

burst suppression, continuous low-voltage and flat or isoelectric traces) in term babies with 

HIE had a sensitivity of 0.91 (95% CI; 87-95) and specificity of 0.88 (95% CI; 84-92) for 

predicting death or moderate to severe disability [674]. A limitation is that aEEG was not 

conducted within 6 hours of birth in 3 of 8 cohort studies. Moreover, Shalak et al showed 

that aEEG tracing had higher specificity (0.89 vs. 0.78) and positive predictive value (0.73 

vs. 0.58) for abnormal outcomes than neurological examinations performed after birth (at 5 

± 3 hours) in babies that had antepartum distress [645]. Combination of aEEG and neurologic 

assessment enhanced specificity (0.94) and positive predictivity (0.85) for HIE [645].  

One potential concern with evaluations shortly after birth is whether they accurately reflect 

evolving neurological state. Reassuringly, the sensitivity (0.85 vs. 0.91), specificity (0.77 vs. 

0.86), and positive predictivity (0.78 vs. 0.86) of abnormal background patterns for a poor 

outcome in 68 full-term infants with HIE were similar at 3 and 6 h after birth, respectively 

[708]. Another cohort of term babies with HIE who presented with severe aEEG background 

abnormalities within 6 h of birth had better neurodevelopmental outcome when continuous 

background amplitude (voltage) recovered within 24 h, whereas patients that did not show 

background normalization within 24 h either died or survived with deficits [728]. Consistent 
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with this, normal background amplitude on EEG at 6 h of age in term babies with HIE was 

associated with normal outcomes in all cases. In contrast, low background voltage correlated 

with poor prognosis if it persisted or sleep cycling remained absent for 48 h after birth [495].  

In agreement, Osredkar and colleagues demonstrated a correlation between severity of HIE 

at term and delay of onset of sleep-wake cycling (Sarnat stage and median time after birth; 

I = 7, II = 33 and III = 62 hours), with a 0.96 -fold decrease in the odds of a good outcome 

(95% CI; 0.94-0.98) with each hour delay in recovery [549]. Moreover, sleep-wake cycling 

was observed in 95% of surviving newborns but 8% of those who died, while seizures (on 

EEG) delayed the onset of sleep-wake cycling by 30.5 hours [549]. In encephalopathic 

infants, inter-burst intervals ≥ 30 sec or isoelectric traces on (mildly abnormal) discontinuous 

recordings, and presence and severity of stereographic seizures were also associated with 

higher mortality and worse cognitive and motor function [465; 495], even after adjustment 

for severity of injury on MRI [267]. This is consistent with the overall poor outcomes in 

infants with asphyxial encephalopathy and status epilepticus [726].  

Similarly, in late preterm neonates (from 34 to 37 weeks gestation) with hypoxic-ischemic 

encephalopathy, background abnormalities on early aEEG recordings (from 6 to 14 hours) 

also had high sensitivity (78.6%) and specificity (87.8%) for adverse neurodevelopmental 

outcome at 18 months of corrected age [365]. In high-risk preterm infants, suppression of 

amplitude and spectral edge frequency (the frequency below which 90% of EEG power 

resides) [339; 380; 58], prolonged inter-burst interval [774], seizures and absence of sleep-

wake cyclicity [390; 643; 719] were also associated with intracranial hemorrhage, white 

matter injury after birth, death and poor long-term outcome [669]. However, most of these 

features are based on delayed assessment, with limited use for therapeutic recruitment. 
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Critically, in preterm-equivalent fetal sheep, severe asphyxia was associated with abundant 

epileptogenic transient activity during the latent phase (see Figure 1.12). These events were 

correlated with a minor fall in cerebral oxygenation and a transient increase in cytochrome 

oxidase and SEF, despite profound reduction in amplitude [60]. This is consistent with a 

minor increase in brain metabolism. These discrete, sharp wave transients are typically high-

frequency and low-amplitude in nature (less than 400 milliseconds (ms), between 50-200 

microvolt (µV)) and develop in normal preterm and full-term fetuses alike [632]. However, 

a high incidence on suppressed backgrounds is correlated with neuronal injury and worse 

outcome in preclinical and clinical paradigms [730; 544; 254; 180]. 

At present, conventional (video) EEG remains the gold standard for assessment of seizures 

and brain function. However, its implementation is cumbersome and necessitates specialist 

interpretation, whereas single-channel aEEG derived from biparietal electrodes is practical 

for routine monitoring in neonatal intensive care units. In general, there is good agreement 

between these techniques [19], and evolving EEG characteristics in term newborns with HIE 

are similar to those observed in preclinical paradigms [166]. In keeping with these data, 

recent meta-analysis confirmed that conventional EEG and aEEG have excellent predictive 

value during the first week of life (sensitivity and specificity, EEG; 0.92 (95%; 0.66-0.99) 

and 0.83 (0.64-0.93), aEEG; 0.93 (0.78-0.98) and 0.90 (0.60-0.98)) for long-term outcomes 

in term babies with HIE [725], although most studies in this review preceded hypothermia. 

The effects of therapeutic cooling on EEG monitoring 

In human adults, deep cooling is associated with progressive suppression of electrocortical 

function, with appearance of periodic complexes at 29.6 ± 3ºC, burst-suppression at 24.4 ± 

4ºC, and electrical silencing at 17.8 ± 4ºC [676]. Milder cooling (with core temperatures of 

33-34ºC) is associated with minor attenuation of amplitude and shifting of frequency towards 
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theta and beta activities [398]. In general agreement with this, a small trial in 26 neonates 

(greater than 33 weeks gestation, but less than 28 days of age) that received extracorporeal 

membrane oxygenation showed that systemic cooling to 34ºC did not affect the amplitude 

of aEEG tracings [330]. However, in infants with moderate-severe asphyxial encephalopathy 

at term, hypothermia was associated with delayed normalization of background patterns and 

amplitude, and recovery of sleep-wake cycling. It also attenuated the predictive aEEG power 

within 48 hours of birth for adverse neurodevelopmental outcomes [700; 18], consistent with 

observational reports in hypothermia-treated term infants [462; 159]. There are no equivalent 

data on the effects of induced cooling on EEG in preterm neonates with HIE. 

Collectively, these data indicate that spectroscopic techniques and neurological monitoring 

can provide measures of prognosis during neurotherapeutic treatment. At present, imaging 

can assist in the targeting of delayed neurorestorative therapies such as erythropoietin. 
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1.10. Can we Translate Hypothermia to Preterm Neonates? 

One important area of research is whether mild induced cooling could help reduce HI brain 

damage in premature neonates. Direct application of therapeutic hypothermia to prematurely 

born infants is not recommended because of the greater potential vulnerability to the adverse 

systemic effects of cooling, as reviewed [291]. In historical studies, mild hypothermia was 

associated with higher mortality in preterm babies [657; 106]. Other potential concerns are 

respiratory compromise from reduced surfactant production and higher oxygen consumption 

and pulmonary resistance during cooling [200; 72]. Further, there might be increased risk of 

postnatal hypotension and intracranial bleeding due to cooling-induced reductions in cardiac 

output and coagulation [251; 644], especially in very immature babies [184; 433]. 

Experimentally, cerebral hypothermia for three days (with extradural temperature reduced 

from 39.4 ± 0.3 to 29.5 ± 2.6°C) started 90 min after severe asphyxia in preterm-equivalent 

fetal sheep, was associated with protection in the hippocampus and basal ganglia, immature 

oligoprotection in the periventricular and parasagittal white matter, and reduced microgliosis 

and apoptosis [65; 45]. These histologic improvements were associated with faster recovery 

of SEF, restoration of cephalic blood flow and a reduced seizure amplitude [61], suggesting 

that therapeutic hypothermia might be applicable to preterm newborns exposed to asphyxia. 

However, cellular proliferation was suppressed in the white matter tracts after hypothermia, 

raising concerns for the long-term impact on preterm brain growth, even though proliferation 

in the subventricular zone was not impaired after three days recovery [45]. 

Nevertheless, there are emerging reports of newborns with asphyxial encephalopathy being 

treated outside the recommended eligibility criteria for therapeutic hypothermia [568]. In the 

Vermont Oxford Network, ~17% (418 of 2457 cases) of cooled infants with moderate-severe 

HIE were ≤ 36 weeks of gestation [667]. The Pediatrix Medical Group indicated that 49 of 
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810 (~6%) cooled infants were 35 weeks old or less [647]. Of interest, in a small cohort of 

very preterm newborns (15 babies, less than 36 weeks gestation) with advanced necrotizing 

enterocolitis, whole-body hypothermia to 33.5ºC for 48 h was not associated with adverse 

short-term complications [308]. Randomized trials are in progress testing safety, feasibility 

and efficacy of hypothermia initiated within 6 h of birth in preterm infants at 33-35 weeks 

gestation with moderate-severe HIE (ClinicalTrials: NCT00620711 and NCT01793129). 

One case report described a premature infant (of 34 weeks and 6 days gestation) whom had 

good short-term outcomes after whole-body cooling, although treatment was stopped due to 

sinus bradycardia and coagulopathy [414]. Complication rates and neurological outcome at 

18-20 months in cooled babies who did not meet the hypothermia criteria (36 of 129 infants) 

were also similar to cooled neonates that did fulfil these criteria, except for five newborns 

with intracerebral hemorrhage who had an 80% rate of death or disability [663]. Prospective 

testing of clinical hypothermia in preterm newborns would ideally be supported by effective 

biomarkers of prognosis and response to cooling. As discussed, EEG monitoring is a reliable 

indicator of neurologic outcome after asphyxia at term [18], but the effect of cooling on EEG 

monitoring in preterm babies is unknown. Hence, in chapter 5, we tested the hypothesis that 

hypothermic protection would improve EEG recovery in asphyxiated preterm fetal sheep. 
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1.11. Pharmacological Therapeutics 

Given the limited evidence on potentially adverse effects of cooling in preterm neonates and 

that therapeutic hypothermia is incompletely protective at term [690], another key strategy 

is to evaluate other putative neurotherapeutics. There are several experimental strategies that 

have shown promise in preclinical development, as reviewed [598]. For the purpose of this 

thesis, two proposed therapies (melatonin and Xenon) are detailed, followed by examination 

of current knowledge on neuroprotection with recombinant human erythropoietin (rEpo). 

1.11.1. Melatonin 

Melatonin (N-acetyl-5-methoxytryptamine) is an endogenous indolamine secreted from the 

pineal gland to regulate the entrainment of circadian rhythm, that also plays an integral role 

in neurodevelopment and neuroprotection [313], with anti-oxidant [167], anti-inflammatory 

and anti-apoptotic properties [793; 192]. Melatonin has an excellent safety profile [352], and 

improved clinical outcomes in infants after sepsis [260], prematurity and perinatal asphyxia 

[261; 10]. Co-treatment with melatonin (10 mg/kg, five enteral doses at 24 h intervals from 

birth) plus hypothermia also improved white matter and neurologic abnormalities in a small 

cohort of 45 neonates with HIE [10], compared with cooling alone. Melatonin is lipophilic 

and so readily crosses the placenta and BBB [597]. However, there is no consensus on ideal 

dosing for neuroprotection [596], and intravenous administration necessitates an excipient 

such as ethanol that might negatively affect the developing brain [167]. 

1.11.2. Xenon 

Xenon is a noble trace gas within the Earth’s atmosphere, with safe inhalational anesthetic 

and transplacental neuroprotective properties mediated through binding to the N-methyl-D-

aspartate (NMDA) glutamate receptors [240; 32]. Xenon activates pro-survival kinases like 

phospo-Akt and anti-apoptotic factors Bcl2 and Bcl-XL, which inhibit mitochondrial failure 
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[432]. It also promotes expression of hypoxia inducible factor-1 (HIF-1), and its downstream 

effectors vascular endothelial growth factor (VEGF) and erythropoietin (Epo), suppressing 

apoptosis [447; 597]. Neuroprotection has been reported in preclinical models of hypoxic-

ischemic injury [446; 813], and limited evidence suggests Xenon-mediated neuroprotection 

can be additive to treatment with therapeutic hypothermia [167; 437]. 

One limitation is that the natural scarcity of Xenon necessitates its use within a recirculating 

neonatal ventilator [227]. This makes availability outside high-resource settings unlikely. In 

this regard, Azzopardi and colleagues demonstrated that adding Xenon ventilation (30% for 

24 hours) to clinical hypothermia did not further improve outcomes in term newborns with 

hypoxic-ischemic encephalopathy [20]. However, Xenon was not started until a median of 

10 hours after birth (range; 4.0-12.6), suggesting that initiating treatment early is most likely 

as pivotal to add-on treatment as it is to therapeutic hypothermia [293]. 

1.11.3. Recombinant erythropoietin 

The glycosylated protein, erythropoietin (30.4 kDa), is an autocrine and paracrine hormone 

first identified for its erythropoietic function [116], that is important for brain development. 

It also has cytoprotective and reparative effects after HI [783]. Its purification (from human 

urine), identification (an 165-amino acid sequence after translation, with N-linked glycans 

determining biological activity) and gene isolation (on chromosome 7q11.22, encoding an 

193-amino acid prohormone) in the seventies to eighties [356], led to large-scale synthesis 

of rEpo in Chinese dwarf hamster ovary cells [210; 519]. Indistinguishable from human Epo 

in its biological and immunologic properties, rEpo is now routine treatment for anemia in 

preterm neonates and pediatric patients with chronic renal disease [540; 364].  
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Mechanisms of oligodendroglial and neuroprotection 

The transmembrane Epo receptor (EpoR, 60 KDa) and its ligand are expressed on neurons, 

astroglia and oligodendrocytes in the developing brain [369; 499; 683]. It actively suppresses 

apoptosis in neuronal progenitor cells and promotes their proliferation and differentiation in 

neurodevelopment [134; 731]. The major producer of Epo (and erythrocytes) during fetal 

life is the liver, and the EpoR expression in the brain declines after birth [684; 783].  

Of particular interest for this thesis, there is increasing evidence that rEpo protects neurons 

and oligodendroglia after perinatal HI [296]. Cerebral EpoR and neuronal mRNA expression 

of Epo increase in response to hypoxia, via HIF-1α activation [75; 118]. Conversely, brain-

specific gene deletion (of EpoR or Epo) renders neurons more susceptible to glutamate and 

hypoxia, and impairs post-ischemic survival [714; 133]. Further, pre-hypoxic conditioning 

is associated with Epo-mediated reductions in stroke-induced infarcts [573], and Epo levels 

are increased in cerebrospinal fluid of asphyxiated babies [373]. This suggests that Epo and 

EpoR upregulation is an endogenous mechanism to protect the brain from injury [314].  

However, the rate and extent of physiological Epo induction, from 8-72 hours after hypoxia-

ischemia, appears to be insufficient for acute protection [74; 489]. Hence, the treatment with 

high-dose exogenous rEpo might improve outcomes. Consistent with this hypothesis, in both 

the adult and neonatal brain, rEpo promotes the expression of anti-apoptotic genes relative 

to pro-apoptotic genes, inhibits caspase activation and DNA fragmentation [404; 393; 639], 

and reduces inflammation, oxidative stress and excitotoxicity [202; 734; 449]. In addition, 

it enhances neuronal and oligodendroglial replacement after HI [344].  

The cellular mechanisms that underlie Epo-mediated protection are complex and not fully 

understood. In brief, binding of Epo (or rEpo) to its homodimeric (classic) receptor results 

in phosphorylation of both EpoR and receptor-associated, enzymatic Janus Kinase-2 (Jak2, 
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Figure 1.13). This produces intracellular docking sites that activate signaling proteins like 

signal transducer and activator of transcription-5 (Stat5), phosphatidylinositol 3-kinase and 

protein kinase B (PI3K/Akt), mitogen-activated protein kinase and the extracellular signal-

regulated kinases (MAPK/ERK 1/2), and NF-kβ [783]. Following activation, Stat5 and NF-

kβ translocate to the nucleus and transcribe the anti-apoptotic proteins x-linked inhibitor of 

apoptosis (Xiap) and Bcl-XL [186; 804]. Akt and ERK limit inflammation and apoptosis, 

stimulate neurogenesis and alter cell fate [274; 418]. Conversely, dephosphorylation of Jak2 

terminates signaling, followed by endocytosis of the EpoR [425]. 

In addition to homodimeric EpoR, Brines and colleagues [99] suggested that Epo-mediated 

protection is also transduced through binding to a heterodimeric receptor that consists of one 

EpoR subunit and a beta-common receptor (βcR, also known as CD131). In support, in βcR-

knockout mice, rEpo does not protect against spinal damage [99], whereas the Epo derivates 

that do not bind the classic EpoR still improve neurological and histological outcomes after 

focal stroke and cerebral demyelination [376]. In vitro, EpoR associates with βcR to produce 

EpoR-βcR complexes, which might upregulate after HI [98; 558]. However, βcR expression 

is low in the brain and its localisation does not match expression of Epo/EpoR [621] or rEpo-

protected cells after pilocarpine-induced status epilepticus. In contrast, the classic EpoR was 

essential for the anti-apoptotic effects in neuronal cell lines [498; 718]. Thus, the role of βcR 

in Epo-mediated protection remains unclear and requires further research. 
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Figure 1.13. Flow chart illustrating intracellular mechanisms associated with Epo-mediated 
cellular protection. Epo ligand binds to the EpoR and recruits Jak2, which activates several 
signaling proteins including Stat5, MAPK/ERK and PI3K/Akt. In addition to direct effects 
of Jak2, which promotes NO• release and suppresses excitotoxins and cytokines, PI3K/Akt 
and MAPK/EKR inhibit caspases and mitochondrial cytochrome c release via intermediate 
proteins (see Figure 1.8 for specific effects of cytochrome c on caspases). This prevents the 
exposure of PS on the extracellular membrane and microglial phagocytosis. Stat5 and NF-
kβ promote nuclear transcription of anti-apoptotic proteins Bcl-XL and XIAP. EpoR, Epo 
receptor; βcr, beta common receptor; Epo, erythropoietin; Jak2, Janus Kinase-2; FOXO3a, 
Forkhead box O3a; GSK-3β, glycogen synthase kinase 3-beta; HIF-1, hypoxia-inducible 
factor-1; BAD, Bcl2-associated death promoter; Stat5, signal transducer and activator of 
transcription-5; Bcl-XL, B-cell lymphoma-extra-large; PS, phosphatidylserine; MAP/ERK, 
mitogen-activated protein kinase and extracellular signal-regulated kinases; NF-kβ, nuclear 
factor kappa-β; EAAs, excitatory amino acids; NO•, nitric oxide; IL, interleukin; PI3K/Akt, 
phosphatidylinositol 3-kinase and protein kinase B; Xiap, X chromosome-linked inhibitor 
of apoptosis; TNF, tumor necrosis factor; For additional detail on these mechanisms please 
see the following reviews [425; 97; 583].  



Chapter 1 - Introduction 

85 

Preclinical evidence of rEpo-mediated neuroprotection 

The introduction of rEpo revolutionized the treatment of patients with anemia from chronic 

renal disease [519]. Subsequent experimental studies demonstrated potent rEpo-mediated 

neuroprotection in glutamate-treated hippocampal and cortical neurons in vitro [485], and 

dose-dependent (25-250 nanogram (ng) rEpo, intracerebral) improvements in neural damage 

and learning deficits in adult gerbils after cerebral ischemia [620]. These discoveries formed 

the basis for recombinant human erythropoietin as a potential neurotherapeutic. 

In neonatal rodents, rEpo given before or shortly after hypoxia-ischemia or stroke improved 

behavioral, sensorimotor and neurocognitive function [130; 671; 274; 408], and preserved 

cerebral tissues [672; 394; 412]. For example, a single injection of rEpo (1000 international 

units (IU) per kg, intraperitoneal) immediately after HI in newborn rats attenuated infarct 

volume and spatial memory deficits [405; 406]. Three doses (at reperfusion, 24 h and 7 days) 

were more protective and stimulated both oligo- and neurogenesis after neonatal stroke [274; 

275]. Likewise, repeated injections (5000 IU/kg rEpo), administered at 24 hour intervals for 

three days after HI in P7 rats, showed greater benefit than single dosing (5000 IU/kg upon 

reperfusion) or three injections of 2500 IU/kg [384]. These data highlight that prolonged 

high-dose treatment is more effective, but the ideal regimen is unknown. 

Further, despite the encouraging evidence for independent neuroprotection, there is limited 

evidence that rEpo can augment hypothermic neuroprotection, which is required for infants 

with HIE at term [296]. In neonatal rats exposed to HI, Fang et al demonstrated no significant 

protection from either hypothermia or co-treatment begun immediately after the insult [225], 

whereas Fan and colleagues described a borderline additive effect on sensorimotor function 

but not histological injury [224]. In non-human primates asphyxiated at birth, combination 

treatment with cooling and rEpo improved motor and cognitive responses, and reduced death 
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or disability [713], with a number needed to treat of two. However, it is critical to appreciate 

that treatment was initiated immediately after HI, which is not realistic in clinical practice. 

Clinical evidence of rEpo-mediated neuroprotection 

Over the past decade, both retrospective studies and human pilot trials have assessed rEpo-

mediated protection in neonatal populations at risk for adverse outcomes. One recent meta-

analysis of five studies involving 233 very low birth weight and preterm newborns, showed 

that low-dose rEpo (250-400 IU/kg) improved neurological outcome without adverse effects 

[741]. Similarly, a small cohort (146 patients) of extreme low birth weight (< 1000 g) infants 

with intracranial hemorrhage that received rEpo for treatment of anemia scored greater for 

composite intelligence quotient (IQ) and normal development (90.3 vs. 67.0 and 52 vs. 6%, 

P<0.05), than control children at school age [517]. Thus, in these encouraging retrospective 

analyses, even low-dose rEpo treatment proved beneficial. 

Several phase I-II prospective trials have assessed safety, pharmacokinetics and efficacy of 

high-dose rEpo for brain protection in premature neonates and term babies with HIE [372]. 

For example, a cohort of 60 patients (23-28 weeks gestation, ≤ 1000 g) that received three 

injections of rEpo (500, 1000 or 2500 IU/kg, at 24 hour intervals from birth) suggested a 

trend to reduced intracerebral hemorrhage (P = 0.07) and PVL (P = 0.06), and showed greater 

cognitive and neuromotor scores compared to untreated controls [370; 464]. There were no 

treatment-related complications and plasma rEpo concentrations 30 minutes after injection 

(12,291 and 34,197 mIU/mL, for 1000 and 2500 IU/kg) were comparable to neuroprotective 

levels in small animals. However, clinical trials also demonstrated that high-dose rEpo (3000 

IU/kg) injection within 3 h of birth, and at 12-18 h and 36-42 h, did not improve (or worsen) 

intraventricular hemorrhage, PVL [226], or neurologic outcomes in preterm infants [511].  
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In full-term infants with HIE, two pilot studies showed that low-dose (300 and 500 IU/kg, 

167 patients) or high-dose (2500 IU/kg, 45 patients) rEpo was safe, and reduced neurologic 

and developmental deficits [811; 213]. Of interest, the low-dose rEpo (begun within 48 h of 

birth, at 48 hour intervals for two weeks) improved long-term outcomes for newborns with 

moderate but not severe HIE, whereas high-dose rEpo (started within 4-6 h from birth, at 24 

h intervals for five injections) improved outcome at 6 months but not brain damage (on MRI) 

at three weeks. These and initial phase I/II clinical trials on co-treatment (with hypothermia) 

are encouraging [784] but emphasize further research is needed on optimal dosing. Current 

randomized clinical studies on rEpo-mediated neuroprotection are listed in Table 1.1. 

Taken together, there is extensive preclinical and clinical evidence that rEpo has protective 

and regenerative effects after HI in the neonatal brain. However, previous studies described 

variable outcomes using intermittent injections, which are associated with huge variation in 

plasma concentration of Epo, and a sustained high-dose infusion might provide more stable 

values and greater neuroprotection, even after delayed treatment. Thus, in chapters 6 and 7, 

we tested the hypothesis that prolonged rEpo infusion would improve electrophysiological 

and histologic outcome after HI in preterm and term-equivalent fetal sheep, when started at 

clinically realistic delays. In addition, we assessed whether delayed co-treatment with rEpo 

and hypothermia improved hypothermic neuroprotection. The focus in these studies was on 

acute protection; restorative therapies are discussed in chapter 8.2.6. for future studies.  
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Table 1.1. Active trials on rEpo-mediated neuroprotection in preterm and term neonates. 

Registration Clinical Trial Phase Treatment Regimen Primary Outcome Measures Principal Investigators 

1. NCT01378273 Preterm Erythropoietin Neuroprotection 
(PENUT Trial) III 

1000 IU/kg rEpo i.v. at 1, 3, 5, 7, 9, and 
11 days after birth, followed with 400 

IU/kg s.c. 3x weekly until 33 weeks 

Neurodevelopmental outcome at 
24-26 months of (corrected) age 

University of Washington, 
USA (Sandra Juul MD, PhD) 

2. NCT02550054 Erythropoietin in Premature Infants to Prevent 
Encephalopathy II 

1000 IU/kg rEpo i.v. <48 h of birth, and 
5 doses at 48 h intervals, followed with 
400 IU/kg s.c. 3x weekly until 34 weeks 

Neurodevelopmental outcome at 
18 months of (corrected) age 

Children's Hospital of 
Fudan University, China 

(Wenhao Zhou, MD, PhD) 

3. NCT02745990 
Recombinant Human Erythropoietin Improves 
Neurodevelopmental Outcomes in Extremely 

Preterm Infants (EPO Trial) 
II 500 IU/kg rEpo i.v. at day of enrolment, 

and at 48 h intervals until 32 weeks 
Neurodevelopmental outcome at 

24 months of (corrected) age 
Zhengzhou Hospital, China 

(Huiqing Sun, MD, PhD) 

4. NCT02076373 Erythropoietin for the Repair of Cerebral Injury 
in Very Preterm Infants (EPOREPAIR Trial) III 

2000 IU/kg rEpo i.v. at day 5 (± 2 days) 
after birth, 24 and 48 h later, and at 10 
and 17 days after first study medication 

Neurodevelopmental outcome at 
5 years of (corrected) age 

University of Zurich, 
Switzerland (Hans Bucher) 

5. NTC02811263 High-dose Erythropoietin for Asphyxia and 
Encephalopathy (HEAL Trial) III 

1000 IU/kg rEpo i.v. <24 h, and at 2, 3, 
4, and 7 days after birth, combined 

with therapeutic hypothermia 

Death or moderate to severe 
disability at 22-26 months of age 

University of California, 
USA (Yvonne Wu, MD) 

6. NCT02002039 Neuroprotective Role of Erythropoietin in 
Perinatal Asphyxia II/III 500 IU/kg rEpo within 6 h, and at 3, 5, 

7, and 9 days after birth 
Death or moderate to severe 

disability at 18-22 months of age 

Sheri Kashmir Institute of 
Medical Sciences, India 

(Mushtaq Bhat, MD) 

7. NCT01732146 
Efficacy of Erythropoietin to Improve Survival 

and Neurological Outcome in Hypoxic-Ischemic 
Encephalopathy (NEUREPO Trial) 

III 
1000 to 1500 IU/kg rEpo i.v. <12 h, and 
at 2 and 3 days after birth, combined 

with therapeutic hypothermia 

Death or moderate to severe 
disability at 24 months of age 

Cochin Hospital, France        
(Juliana Patkai, MD, PhD) 

8. ACTRN126140   
00669695 

Erythropoietin for Hypoxic-Ischemic 
Encephalopathy in Newborns (PAEAN Trial) III 

1000 IU/kg rEpo i.v. <24 h, and at 2, 3, 
5, and 7 days after birth, combined 

with therapeutic hypothermia 

Death or moderate to severe 
disability at 24 months of age 

University of Sydney, 
Australia (Helen Liley, MD) 

All single and multi-center trials (blinded, randomized, and placebo controlled) currently in progress investigating the effects of rEpo on neonatal 
brain injury from complications of preterm birth and perinatal asphyxia. The eligibility criteria include infants less than 28 weeks gestation (trials 
1 and 3), less than 32 weeks gestation or weighing less than 1500 gram at birth (trials 2 and 4), and infants greater than 35 weeks gestation with 
moderate to severe hypoxic-ischemic encephalopathy (trials 5 to 8). Trials registered at ClinicalTrials.gov and Australian New Zealand Clinical 
Trials Registry. IU, international units; rEpo, recombinant human erythropoietin; i.v., intravenous; s.c., subcutaneous. 
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1.12. Central Aims and Specific Hypotheses 

The aims of this doctoral thesis were to further our knowledge on the pathophysiological 

mechanisms that mediate perinatal hypoxic-ischemic brain injury in the preterm and term 

human infant, examine potential biomarkers for prediction of fetal compromise and neural 

injury, and evaluate new neuroprotective interventions using the fetal sheep preparation. 

Specifically, the following working hypotheses were examined: 

• In chapter 3; that in term-equivalent fetal sheep with pre-existing stable hypoxia, one 

minute umbilical cord occlusions repeated every five minutes, consistent with early 

labor, would be associated with cerebral hypoperfusion and cytotoxic edema, greater 

EEG suppression, and development of abnormal seizure activity. 

• In chapter 4; to assess the quantitative relationship between development of progressive 

hypotension and cephalic hypoperfusion during severe asphyxia, from preterm to term-

equivalent gestation. Further, that enhanced maintenance of blood pressure in immature 

fetuses will be reflected by differences in the T/QRS ratio or ST waveform shape.  

• In chapter 5; that early induction of mild whole-body hypothermia after severe asphyxia 

in the preterm-equivalent fetus would provide striatal neuroprotection and improve 

electrophysiological recovery, compared with hypothermia delayed for five hours, just 

before the typical onset of post-asphyxial seizures. 

• In chapter 6; that delayed, prolonged infusion with high-dose recombinant human 

erythropoietin after severe asphyxia would reduce white and grey matter damage and 

improve electrophysiological recovery in the preterm-equivalent fetus. 

• In chapter 7; that delayed, prolonged infusion with high-dose recombinant human 

erythropoietin after cerebral ischemia would reduce grey matter injury and improve 

neurophysiological recovery in the term-equivalent fetus. Further, that delayed co-

treatment with rEpo plus cooling would augment hypothermic neuroprotection. 
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Chapter 2 - Methods and Materials 

2.1. Introduction 

This chapter provides an in-depth review of the general methodology and materials that were 

required for the animal preparations and experimental protocols described in this thesis. The 

specific procedures for each experiment are described in the relevant chapters. All animal 

procedures were approved by the Animal Ethics Committee of The University of Auckland 

under provision of the New Zealand Animal Welfare Act, and the Code of Ethical Conduct 

for animal species in research established by the Ministry of Primary Industries, Government 

of New Zealand. The chronically instrumented fetal sheep preparation is well established in 

our laboratory from preterm to near-term gestation [751]. 

2.2. The Chronically Instrumented Fetal Sheep Preparation 

2.2.1. The development of the fetal sheep brain 

Relative to human newborns the sheep is precocial at birth i.e. its brain is more mature. The 

brain growth spurt, a relative index of brain development, peaks in the sheep at 0.8 gestation 

(95-130 days), and at term in humans [188; 468]. Cortical myelination also begins earlier at 

around 0.7 gestation, while it does not start until approximately 34 weeks in the human brain 

[561]. By full-term the sheep brain is highly myelinated and comparable to the 1-2 year old 

human infant [40; 561; 468; 173]. Similarly, the major cortical fissures and sulci appear in a 

short time span from 0.5-0.7 gestation in fetal sheep with further development towards term 

gestation [163], whereas sulci in humans appear between 26-30 weeks gestation [724; 141]. 

Cortical processing of brainstem auditory and somatosensory evoked potentials on the EEG 

starts around 0.6 to 0.7 gestation in the fetal sheep [152; 153], while these responses begin 
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to appear between 25-29 weeks in humans [611; 612]. Fetal electrocortical activity continues 

to mature towards term gestation in fetal sheep as indicated by the gradual increase in EEG 

amplitude [140]. From 115-120 days, the EEG begins to differentiate from a pattern of mixed 

discontinuous electrocortical activity into two distinct sleep-like states; high-voltage, low-

frequency activity (equivalent to non-REM sleep) and low-voltage, high-frequency activity 

(equivalent to REM sleep) [686]. These develop in the human between 28-31 weeks [541]. 

Thus, in terms of cerebral maturation at least, the sheep brain at 0.6 and 0.7 gestation is 

broadly equivalent to the preterm human (at 26-28 and 28-32 weeks, respectively), while the 

0.8 gestation sheep brain approximates that of the term (40 weeks) human brain. Therefore, 

relative comparisons can be made between these two species at those gestational ages. 

2.2.2. Advantages of the fetal sheep preparation 

The sheep brain is in many respects a good translational model as it has a gyrencephalic 

structure with large white matter tracts that are similar to the human brain. These anatomic 

similarities result in clinically relevant patterns of hypoxic-ischemic injury in the preterm 

and term-equivalent fetal sheep brain, as discussed in the introduction. In contrast, most 

small animals like the rodent are lissencephalic, with little surface gyrification. The absence 

of major gyral and sulcal convolutions in these models distorts the distribution of perinatal 

damage patterns and makes it difficult to assess specific effects on cortical complexity, while 

the paucity of white matter is unsatisfactory for studies of white matter injury. 

The relatively large size of the sheep fetus enables the implantation of instrumentation that 

allows for comprehensive electrophysiological and cardiovascular monitoring of multiple 

organ systems in utero (see Figure 2.1), without the confounding effects of anesthesia or 

ventilation, which can then be correlated with histopathologic outcomes [165]. An important 

advantage for my studies on neuroprotection is that this preparation provides a more stable 
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thermal environment than postnatal models. Small animals have an intrinsically high surface 

to mass ratio and a narrow thermoneutral zone (between 34-35ºC) at birth which allows rapid 

heat loss. Rats and pigs also lack brown fat deposits that allow non-shivering thermogenesis 

in humans and sheep, and rely on huddling and maternal contact to maintain temperature.  

These exogenous factors can contribute to significant fluctuations in temperature during or 

after perinatal hypoxia-ischemia, which might be deleterious or protective in their own right 

[292]. Consequently, more intensive external thermoregulation is therefore required in these 

animal models, particularly for studies of neuroprotection in the newborn. 

 

Figure 2.1. Schematic representation of the instrumented fetal sheep preparation. Standard 
fetal instrumentation is depicted in black, while additional specialist equipment for specific 
experiments is shown in red. ECG; electrocardiogram, EEG; electroencephalogram. 

However, we must consider several limitations when extrapolating from the fetus to the 

newborn. Fundamentally, the fetus is not an infant and there are differences in respiratory 

function, cardiovascular circulation and carbohydrate metabolism [233; 395]. Despite this, 

the instrumented fetal sheep has proven to be a good surrogate model for developing, from 

bench [298; 299] to bedside [271], protective strategies for the human newborn with HIE. 
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2.3. Materials 

2.3.1. Catheters 

All catheters were custom-made in our laboratory. Vascular and amniotic catheters were 

made from 1.4 meter (m) lengths single lumen dural polyvinylchloride (PVC) tubing (2.0 

millimeters (mm) outer diameter (OD) and 1.0 mm inner diameter (ID), SteriHealth, 

Laverton, Victoria, Australia). The distal end was immersed in hot water (60 to 80 °C) to 

soften the PVC material and allow insertion of a 1.5 centimeter (cm) 18 gauge (G) needle 

(Onelink, Auckland, New Zealand), which provided the connection to a three-way stopcock 

(Onelink). Two lengths (1.0 mm lengths, 3 mm distance) of tubing (2.5 mm OD, 1.5 mm 

ID) were placed on the vascular catheters, and fixed with cyclohexanone (Thermo Fisher 

Scientific Ltd., Auckland, New Zealand) at 2 mm from the proximal end. These cuffs served 

as an attachment hub for securing the catheter into a blood vessel.  

For amniotic catheters four small circular holes were cut at the proximal end to minimize 

catheter blockage with amniotic debris. To accommodate the different vascular sizes, 20 cm 

lengths of smaller tubing diameters were fitted and then secured with cyclohexanone at the 

proximal end: size 015 catheter (0.90 mm OD, 0.50 mm ID), size 025 catheter (1.20 mm 

OD, 0.80 mm ID) or size 030 catheter (1.27 mm OD, 0.86 mm ID). This smaller tubing was 

cut to the desired length before insertion during the surgery. The infusion lines provided the 

connection between catheter-stopcocks and infusion syringes. These were made of 1.2 m 

tubing lengths (2.0 mm OD, 1.0 mm ID), fitted with 18 G needles at either end, and capped 

with a white cap at the distal end and a male-male connector (Biolab Ltd., Auckland, New 

Zealand) and red cap (Healthcare Logistics, Auckland, New Zealand) at the proximal end.  
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2.3.2. Stainless steel electrodes 

All electrodes were custom-made in our laboratory. Electrocardiogram (ECG) electrodes 

were made from 1.65 m lengths of three-stranded stainless steel wire protected by an outer 

metal sheath and Teflon polymer layer (AS633-3SSF, Cooner Wire Company, Chatsworth, 

California, USA). Forty-six cm of Teflon insulation was stripped from the proximal end and 

all three strands were isolated from the outer metal sheath. Thermal fabric discs (0.5 mm 

thick, 6 mm diameter, Centrepoint, Auckland, New Zealand) were threaded onto two wires 

and knotted at 40 cm from the proximal end. The Teflon coating below these knots was 

removed and the bare wires rolled into tight balls, creating electrodes with a high electrical 

conductance. From the distal end of the electrode the same two wires were isolated at 3 cm 

and identified with a multi-meter. The wire tips were stripped of the Teflon coating (1 mm 

lengths), treated with soldering flux and carefully soldered onto a bucket 9-pin adapter (R.S. 

Components Ltd., Auckland, New Zealand). The metal sheath was covered with heat shrink 

tubing (3.2 mm, R.S. Components Ltd.) to prevent bare wire contact, and soldered onto the 

reference pin. The remaining metal sheath and unused wires were then removed. 

Combined cortical EEG and electromyogram (EMG) electrodes consisted of 1.4 m lengths 

of seven-stranded stainless steel wire protected by an outer metal sheath and Teflon layer 

(AS633-7SSF, Cooner Wire Company). Fifteen cm of Teflon insulation was stripped from 

the proximal end and all seven strands were isolated from the outer metal sheath, which was 

kept as a reference electrode. Labeled thermal fabric discs were threaded onto four wires and 

knotted at 10 cm from the proximal end. The Teflon coating was removed from below the 

knots and the bare wires were rolled into balls to be used as EEG electrodes. For the EMG 

electrode, a double knot was tied in two of the remaining wires at 8 cm from the proximal 

end, and 0.5 cm of Teflon insulation was stripped from immediately below the knots. The 

final wire, acting as a second reference, was cut back to 10 cm and knotted at 5 cm. No more 
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than 0.5 cm of Teflon was removed from below this knot. From the distal end of the electrode 

all wires were isolated at 7 cm, identified with a multi-meter and soldered onto a bucket 36-

pin adapter (R.S. Components Ltd.) as described above. The electrode fabric discs were then 

marked for identification, to allow correct placement during surgical preparation.  

Impedance electrodes consisted of 1.4 m of three-stranded stainless steel wire protected by 

an outer metal sheath and Teflon layer (AS633-3SSF, Cooner Wire Company). Thirteen cm 

of Teflon was stripped from the proximal end of the wire, and all strands were isolated from 

the outer metal sheath. Marked thermal fabric discs were threaded onto two wires and then 

knotted at 10 cm from the proximal end. The Teflon coating below the knots was removed 

and the bare wire rolled into balls to be used as impedance electrodes. From the distal end 

of the electrode the same two wires were isolated at 3 cm, identified with a multi-meter, and 

soldered onto a bucket 9-pin adapter (R.S. Components Ltd.) as described above. The wires 

and outer metal sheath that remained were then removed from the electrode. 

2.3.3. Umbilical cord occluders 

Inflatable silicone occluders (lumen diameter; 16 mm, cuff width; 12 mm, cuff thickness; 

2.5 mm; OC16, In Vivo Metric, Healdsburg, California, United States of America (USA)) 

were extended to a length of 1.4 m with silicone tubing of an identical diameter (2.16 mm 

OD, 1.02 mm ID, Bamford Ltd., Lower Hutt, New Zealand) and the end fitted with an 18 G 

metal Monoject blunt cannula (Covidien, Auckland, New Zealand). Tubing of a larger 

diameter (2 cm length, 6 mm OD, 4.5 mm ID, Bamford Ltd.) was then slipped over the 

exposed joint and fixed in place with flowable silicone sealant (R.S. Components Ltd.). Two 

lengths (8 cm) of strong cotton umbilical tape (Johnson & Johnson Medical Ltd., Sydney, 

New South Wales, Australia) were threaded through the eyelets of the umbilical cuff (see 

Figure 2.2). The same procedure was followed for the heavy duty (HD) inflatable silicone 
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occluders (lumen diameter; 16 mm, cuff width; 13 mm, cuff thickness; 4 mm; OC16HD, In 

Vivo Metric), but these were all fitted with silicone reinforcement lining to accommodate 

greater mechanical stress from the repeated occlusions used in chapter 3. 

2.3.4. Carotid artery occluders 

All carotid artery occluders were custom-made in our laboratory using a “double occluder 

within one cuff” design (see Figure 2.2). The additional occluder provides redundancy in 

case one occluder fails from overpressure. Briefly, two 1.4 m lengths of medical grade 

silicone tubing (2.15 mm OD, 1.02 mm ID, Bamford Ltd.) were distally fitted with 18 G 

Monoject cannulas (Covidien). Two 30 mm lengths of larger diameter tubing (7.9 mm OD, 

4.77 mm ID, Bamford Ltd.) were slipped over the exposed joints, and sealed with silicone 

sealant (R.S. Components Ltd.). The proximal ends were fitted with 15 mm of thin-walled 

silicone tubing (2.41 mm OD, 1.57 mm ID, Bamford Ltd.) via short metal connectors.  

 

Figure 2.2. Schematic representation of the custom-made carotid occluder (panel A), and the 
commercially bought umbilical cord occluder (panel B). Their respective connector leads 
(panel C) can be attached to saline-filled syringes for inflation. 
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The metal connectors were custom-made by cutting 16 G needles (Onelink) down to 5 mm 

lengths and cleaning through sonification (3 x 15 min). One short 15 mm length of silicone 

tubing (7.90 mm OD, 4.77 mm ID, Bamford Ltd.) was then slipped over both the connector 

joints, adjacent to the “cuff” placement. The two ends of thin-walled (occluder) tubing were 

introduced laterally into a 10 mm transverse length of larger diameter silicone tubing (11.0 

mm OD, 7.0 mm ID, Bamford Ltd.) through two small adjacent holes, and then exited this 

“occluder cuff” construction via two similar holes located on the opposite side. 

Care was taken to ensure that the thin-walled tubing would not obstruct the carotid artery, 

and that the metal connectors were also positioned just outside the occluder cuff. Any excess 

thin-walled tubing that protruded from the cuff was trimmed back and sealed with silicone 

sealant (R.S. Components Ltd.), along with the tubing positioned over the metal connectors. 

The cuff was transversely incised between the two upper and two lower holes, and 1.0 suture 

(Resorba Medical GmbH, Nuremberg, Germany) was threaded through the eyelets on either 

end of the occluder lips for occluder fixation around the blood vessel (see Figure 2.2). 

2.3.5. Body and head cooling coils 

To induce hypothermia in selected experiments, head and whole-body cooling coils were 

constructed from thick-walled medical grade silicone tubing (3 m, 6.0 mm OD, 3.0 mm ID, 

Bamford Ltd.). The middle one meter length of this tubing was curled into an oval shape and 

eight individual coils were tied in place with repeated overhand knots using 20 cm of small 

diameter silicone tubing (2.15 mm OD, 1.02 mm ID, Bamford Ltd.). For cooling experiments 

at near-term gestation, two additional outer coils were tied to ensure adequate fetal coverage. 

Connector ends of approx. one meter were left at the proximal and distal ends for connection 

to the water pump. The head and whole-body cooling coils were identical for each fetal age, 

and could be used interchangeably between head and whole-body cooling experiments. 
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2.4. Experimental Population 

2.4.1. Subjects 

Romney ewes were time-mated with Suffolk rams at approximately 3 to 4 years of age. 

Pregnancies were confirmed on ultrasound at 30-35 days and again at 60 days of gestation. 

All ewes were kept on the farm’s paddock and allowed to roam free before being transferred 

to a dedicated feedlot area for a period of two weeks to acclimatize to human handling and 

grow accustomed to the concentrated pellet feed (Dunstan Nutrition, Hamilton, New 

Zealand) that is used at the University’s Vernon Jansen Unit (VJU). 

2.4.2. Transportation and acclimatization 

Following the acclimatization period, healthy pregnant ewes that carried singleton or twin 

fetuses were transported to the VJU of the Faculty of Medical and Health Sciences. Upon 

arrival at the University, all ewes were scored for general condition and well-being. Ewes 

were then transferred to individual metabolic cages that allowed free access to concentrated 

pellet feed and water, and were housed together in designated animal holding units. When 

ewes were not eating well they were offered additional straw, chaff or molasses to stimulate 

appetite. When recommended by the University veterinarian, ethylene glycol (60 milliliters 

(mL) Ketol, Bomac Laboratories Ltd., Auckland, New Zealand) was also administered twice 

daily through oral drenching to prevent acetonemic ketosis or pregnancy toxemia. The large 

animal facilities were climate-controlled (ambient temperature; 16 ± 1ºC; humidity; 50 ± 

10%) with a 12 hour light-dark cycle (light hours; 6 am - 6 pm). The ewes were acclimatized 

to these conditions for five days before starting the surgical procedures described below. 
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2.5. Surgical Procedures 

2.5.1. Pre-operative preparation and anesthesia  

Food, but not water was withdrawn 12-18 h before surgery to reduce the risk of vomiting, 

which may lead to inhalation of gastric material during anesthesia. On the day of surgery the 

ewe was transferred to the animal preparation room in a specially designed portable sheep 

crate and weighed. The ewe was restrained in a recumbent position and administered long-

acting Oxytetra HCL (oxytetracycline, 20 mg/kg, Phoenix Pharm., Auckland, New Zealand) 

intramuscularly for prophylaxis 30 min before starting surgery. The left brachial vein was 

cannulated with a 20 G intravenous (i.v.) cannula and anesthesia induced by injection of 

Propofol (5 mg/kg, AstraZeneca Ltd., Auckland, New Zealand). 

The ewe was placed in a V-shaped trough on the surgery table in a supine position with its 

legs tied caudally and cranially to prevent rotation during surgery. Intubation was performed 

with a 9 mm cuffed inflatable endotracheal tube (Onelink) that connected to the anesthetic 

machine (Midget 3 anesthetic apparatus, Commonwealth Industrial Gases Ltd., Melbourne, 

Victoria, Australia). A mixture of 4 to 5% isoflurane in oxygen (2 L, Medsource, Ashburton, 

New Zealand) was administered until the ewe was completely anesthetized, and maintained 

using 2 to 3% isoflurane in oxygen (2 L). Ewes breathe spontaneously under anesthesia, but 

about 20% require mechanical ventilation (Ivent Research Ltd., Auckland, New Zealand). 

Isoflurane readily crosses the placenta and so the fetus is under anesthesia at all times during 

the surgical period [77]. The depth of anesthesia (including end-tidal CO2 and O2 saturation), 

maternal heart rate and respiration were monitored during surgery with a Biolight Patient 

Monitor (M8500, Ivent Research Ltd.) that was operated by trained anesthetic staff. 

The ewe’s wool was shorn from the primary surgical fields (abdomen, flank and leg) with 

industrial clippers and was shaved with a size-40 razor blade (Southern Veterinary Supplies, 
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Hamilton, New Zealand). The skin was then cleansed with an antiseptic soap-water solution 

followed with the application of a 10% biodine-iodine antiseptic solution (Vetpharm Ltd., 

Auckland, New Zealand), which was then rinsed off with a 2% hibitane (Microshield 5-

chlorhexidine concentrate, Johnson & Johnson Medical Ltd.) in 70% isopropyl alcohol 

solution (Orica, Auckland, New Zealand). Finally, a concentrated povidone-iodine solution 

was sprayed onto the cleaned areas to render all the surgical fields aseptic. The ewe was then 

moved into the surgical theatre suite and put on a constant isotonic saline drip (250 mL/h) 

to maintain fluid balance. At this time the surgeons prepared for procedures, scrubbing hands 

thoroughly with a povidone-iodine surgical scrub brush (Onelink) and donning masks, hats, 

shoes, sterile gowns and surgical gloves. Five sterile linen drapes were then placed to allow 

an abdominal midline incision, and a sigmoidoscopy drape was placed on the maternal flank.  

2.5.2. Maternal and fetal surgery 

Fetal sheep were instrumented at 86-89 days (0.6GA), 97-99 days (0.7GA) or 117-126 days 

(0.8GA), using strict aseptic technique. All instruments, equipment, and catheters and 

electrodes were sterilized by gamma irradiation, ethylene oxide gas, or autoclave [220]. A 

10-15 cm abdominal midline skin incision was made with a scalpel, approximately 5 cm 

anterior to the mammary glands and posterior to the umbilicus, taking care to avoid the 

mammary vein. Small blood vessels were cauterized to prevent hemorrhages and maternal 

fat was dissected (level 1-10, cutting modality) with a high-frequency diathermy (Bovie 

Medical Corporation, Clearwater, Florida, USA). A laparotomy was then performed along 

the linea alba and the pregnant uterus gently palpated, to assess the number of fetuses. At 

this stage, a maternal flank incision through the peritoneum and abdominal wall was made 

with a size-12 French trochar and cannula (Surgical Supplies Ltd., Auckland New Zealand) 

and the proximal end of the catheters, electrodes and flow probes were introduced into the 

maternal abdominal cavity via the cannula. The leads were then pulled through above the 
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midline incision and the cannula removed. All catheters were coded for later identification 

and flushed with sterile isotonic saline through stopcocks connected at the distal end. 

The exact configuration of equipment was dictated by the requirements of each study. In 

general, four vascular catheters, one amniotic catheter, an ECG and composite EEG/EMG 

electrode, and one carotid flow probe were included for most preparations. Depending on 

the exact protocol, this would be supplemented with additional specialist equipment such as 

temperature probes and a cooling coil, and vascular silicone occluders (see Figures 2.1 and 

2.2). The following paragraphs describe the specific surgical procedures for a standard fetal 

preparation (with deviations for gestational age where applicable), and that of preparations 

which include specialist equipment with reference to the respective chapters. 

The position of the fetus was palpated and a hysterectomy performed on the uterus in an area 

free of cotyledons. The incision was made parallel to any major uterine blood vessels. Non-

traumatic Babcock clamps were fastened to the edges of the incision to control movement 

of the uterine and amniotic membranes and minimize loss of amniotic fluid. The anterior 

half of the fetus including the fetal head, chest, and forelimbs was carefully exteriorized to 

prevent any umbilical cord twisting, placed in an upright position (to allow easy surgical 

access) and wrapped in moist abdominal swabs (Onelink) to prevent dehydration of fetal 

tissue. An incision was made on the medial aspect of the left upper forelimb, under the edge 

of the biceps muscle. The brachial artery and cephalic vein were identified, exposed by blunt 

dissection and ligated distally. The respective vessels were then micro-incised with Vannas 

scissors (Surgical Supplies Ltd.) in the top third of the blood vessels, and the proximal ends 

of the appropriate vascular catheters (size 015 for 0.6GA, 025 for 07GA, and 030 for 0.8GA) 

inserted through the small incision. A proximal ligature secured the catheter within the 

vessel. These catheters were then used to measure fetal mean arterial pressure (MAP), and 
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venous pressure. Polyvinyl catheters were also placed in the right brachial artery (for pre-

ductal blood sampling) and cephalic vein (for drug administration), as described above. After 

insertion, the patency of each vascular catheter was checked by drawing back blood, which 

was then promptly returned to the fetus and flushed with saline. The wounds were closed 

and the catheters tightly secured to the fetal skin with non-traumatic 2.0 silk sutures (Resorba 

Medical GmbH) to minimize catheter migration.  

The ECG electrodes were placed subcutaneously through small superficial incisions, from 

the right shoulder to the left fifth intercostal space, to record fetal heart rate (FHR). An 

insulated section of the ECG lead was then sutured over the fetal chest and over the fetal 

shoulder to reduce tension on the electrodes. The amniotic catheter was also attached to the 

second suture at this stage such that it was placed at the level of the fetal heart, well within 

the uterus. For the asphyxia experiments described in chapters 3 to 6, the fetus was then 

briefly retracted to its mid-abdomen and a silastic inflatable umbilical cord occluder (In Vivo 

Metric) was loosely tied around the umbilical cord, approximately 2 cm from the fetal body, 

to allow later induction of fetal asphyxia. The occluder lead was gently secured to the fetus, 

with sufficient length to prevent tension on the umbilical cord. Finally, the fetus was returned 

back into the uterus and the uterine and amniotic membranes were loosely tightened around 

the fetal neck by re-adjusting the Babcock clamps. 

For the cerebral ischemia experiments in chapter 7, the fetal head was flexed backwards and 

then secured in place with a moist cotton swab and towel clamp. Bilateral sagittal incisions 

(approximately 4-5 cm in length) were made in the neck, parallel to the fetal larynx (5 mm 

distance) and in line with the angle of the jaw, and the retracted skin tissue was secured in 

place with two pairs of Allis forceps (Surgical Supplies Ltd.). The salivary glands and the 

thymus were gently dissected apart along their connective tissue and secured away from the 
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surgical field with Allis forceps, to expose the common carotid arteries. Care was taken to 

avoid the superior thyroid artery. The vertebral-occipital anastomoses were then identified 

and carefully ligated bilaterally (see Figure 2.3), and inflatable carotid occluders were placed 

around both common carotid arteries just below the bifurcation [777]. In sheep, the occipital-

vertebral anastomoses provide a pathway between the vertebro-basilar vascular system and 

the common carotid arteries [30]. The ligation of all anastomoses is thus necessary in order 

to prevent blood flow redirection via these vertebral artery shunts. 

 

Figure 2.3. Schematic illustration depicting the surgical implantation of the carotid artery 
occluders and the carotid artery flow probe. The flow probe is always placed proximally to 
the occluder cuff as shown on the left lateral incision. In turn, the carotid artery occluders 
are placed proximal to the vertebral-occipital anastomoses. The anatomical distribution of 
the anastomoses can be highly variable within fetal sheep, but complete ligation of all its 
vessels is absolutely paramount for successful carotid occlusion. 
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An ultrasound flow probe (size 3S for all ages, Transonic Systems Inc., Ithaca, New York, 

USA) was fitted around the left common carotid artery, which was just proximal to the 

carotid occluder in the ischemia studies, to measure carotid blood flow (CaBF). This probe 

was secured by suturing the exposed strap muscle and fascia on opposing sides of the wound 

over the probe head. Isotonic saline was flushed into the wound around the flow probe, to 

minimize acoustic error from air bubbles. The wound was then closed, and the flow probe 

tail and carotid occluder tubing (as applicable) were secured to the skin. 

When these procedures were completed the fetal scalp was incised along the sagittal plane 

and reflected back with blunt forceps. Bleeding capillary vessels were cauterized or sealed 

with bone wax (Capes Medical, Tauranga, New Zealand), and seven cranial holes (2 mm 

diameter) were drilled with a standard foot-operated dental drill (Gunz Dental, Auckland, 

New Zealand). Two pairs of EEG electrodes were placed bilaterally on the dura over the 

parasagittal parietal cortex (for 0.6 and 0.7GA; 5 mm and 10 mm anterior to bregma and 5 

mm lateral, for 0.8GA; 10 mm and 20 mm anterior to bregma and 10 mm lateral) and their 

fabric discs were secured to the skull using cyanoacrylate glue (Selleys, Auckland, New 

Zealand). The reference electrode was sewn into the scalp over the occiput. An incision of 

approximately 3 cm was made over the nuchal muscle, and the uninsulated sections of the 

remaining two EMG electrodes were sutured into the nuchal muscle. The excess wires below 

the suture were cut and the wound was closed using a continuous suture. The final grounding 

electrode was then sewn into the fetal posterior scalp. A third pair of electrodes was placed 

on the dura at 5 mm lateral to the EEG electrodes (for 0.6 and 0.7GA; 7.5 mm anterior to 

bregma, for 0.8GA; 15 mm anterior to bregma) to measure cortical impedance.  

For the hypothermia studies in chapters 5 and 7, one thermistor (IncuTemp-1, Mallinckrodt 

Pharmaceuticals, Chesterfield, United Kingdom) was placed on the parasagittal dura (for 



Chapter 2 - Methods and Materials 

  105 

0.7GA; 20 mm anterior to bregma, for 0.8GA; 30 mm anterior to bregma) to measure 

extradural temperature, and a second thermistor was inserted deep in the esophagus at the 

level of the right atrium, to measure fetal core temperature. All remaining burr holes were 

sealed, and the fetal scalp was secured back in place with cyanoacrylate glue (Selleys). For 

whole-body cooling in chapter 5, a cooling coil was tied over the fetal torso from the neck 

muscle to the latissimus dorsi, and extended down laterally to the external abdominal oblique 

(see Figure 2.4). For head cooling in chapter 7, a cooling coil was tied over the fetal scalp 

from the bridge of the nose to the occipitalis muscle, and extended down laterally over the 

cranium to the level of the external auditory meatus (see Figure 2.4). Cooling coils were 

secured in place with cotton umbilical tape using overhand stitches. 

 

Figure 2.4. Schematic illustration depicting the placement of the cooling coils on the fetal 
torso (left panel) and head (right panel), in relation to anatomical landmarks on fetal sheep. 
Hypothermia was applied by connecting the cooling coil ends with a water pump. 

Once all fetal surgery was completed, the fetus was then gently returned to the uterus in its 

original position, along with a sufficient length of signal leads to allow free movement but 

prevent the possibility of fetal entanglement. The antibiotic gentamycin sulphate (80 mg, 

Pfizer, Auckland, New Zealand) was administered into the amniotic sac as well as sterile 
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saline (warmed to 37°C) to replace any amniotic fluid that was lost during surgery. The 

uterus was then repaired in two layers with a continuous non-locking suture, making sure 

that all the chorionic and amniotic membranes were included. Non-traumatic 2.0 silk sutures 

(Resorba Medical GmbH) were used for all fetal wound suturing and uterine repairs. All 

remaining leads were then exteriorized through the maternal flank and the fetal vascular 

catheters flushed with heparinized sterile saline (10 IU/mL, Onelink) after which all the 

stopcocks were capped and enclosed in a plastic bag. The peritoneum was sutured with 

cotton umbilical tape and the abdominal wall repaired with 1.0 silk (Resorba Medical 

GmbH) using a continuous suture. The skin along the suture was infiltrated with 10 mL of 

local anesthetic Marcain (0.25% bupivacaine plus adrenaline, AstraZeneca Ltd.) and the 

flank wounds repaired with a purse string suture using 1.0 silk (Resorba Medical GmbH). 

The exit site on the flank was placed posterior to prevent the ewe from reaching the leads. 

The maternal long saphenous vein was catheterized to provide access for post-operative care 

and euthanasia. A small (4 cm) skin incision was made on the tarsus over the cleft formed 

by the tibia and fibula. A size-33 trochar and cannula (Surgical Supplies Ltd.) was inserted 

through the incision and proximally advanced under the skin, exiting at the flank. The 

trochar’s cannula was removed and the proximal end of a catheter tracked subcutaneously, 

exiting at the incision site. The catheter was then flushed with heparinized sterile saline (10 

IU/mL) and the vein catheterized as previously described for vascular catheters. Ewes were 

allowed to recover from anesthesia, extubated, and when judged sufficiently awake, taken 

back to the laboratory in their cage where they remained during the experiment. Surgery was 

completed in 3 h or less and well-tolerated by the ewe and fetus without complications. 
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2.5.3. Post-surgical recovery 

The ewes remained under constant supervision until they stood up in a stable manner and 

were seen to eat and drink. Over the following days the ewes were routinely monitored for 

apparent signs of distress, such as a reduction in appetite, bruxism (involuntary grinding of 

the teeth), frequent calling sounds, restlessness and unwillingness to sit down, huddling and 

other anxiety responses. Fetal condition was assessed primarily using the continuous online 

recordings of MAP, FHR and EEG power (brain activity). Daily arterial blood samples (0.3 

mL) were also taken aseptically from the fetal brachial artery to monitor pH and blood gases 

(ABL800 Flex analyzer, Radiometer, Auckland, New Zealand), glucose and lactate (YSI 

2300 Analyser, YSI Ltd., Yellow Springs, Ohio, USA). Animals that did not recover were 

referred to the University veterinarian for further assessment. 

Antibiotics were administered daily to the ewe, consisting of benzylpenicillin sodium for 4 

days (600 mg dissolved in 4 mL of isotonic saline, Onelink) and gentamycin sulphate for 2 

days (80 mg, Pfizer). The topical antibiotic oxytetracycline (Southern Veterinary Supplies) 

was applied daily to the surface wounds. The fetus was not given antibiotics directly. Fetal 

infection was prevented through strict aseptic technique during and after surgeries. Fetal 

catheters were maintained patent by continuous infusion of heparinized saline (20 IU/mL at 

0.2 mL/h) and the maternal vascular lines were flushed periodically with heparinized saline 

(20 IU/mL, 10 mL over 10 sec) to prevent catheter obstruction from blood clotting. 
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2.6. Data Acquisition and Processing 

All electrical and monitoring equipment was housed in a separate experimental monitoring 

room adjacent to the animal holding rooms. Catheters and electrodes were taped together in 

a bundle and connected to the appropriate signal leads in a Perspex box that was bolted to 

the side of the cage, at approximate maternal chest height. All signal leads were then passed 

through small rectangular slots in the wall to the adjacent experimental monitoring room, 

and connected to their respective monitoring equipment and a computer workstation. Large 

glass panels allowed two-way observation and continuous monitoring of maternal behavior 

without disturbing the ewes in the adjacent animal holding rooms. 

 

Figure 2.5. Example of the custom computer workstations in the monitoring room. 

Signals were acquired at 512 Hertz (Hz) using a 16 bit analogue to digital (A-D) card with 

circular buffering direct memory access (PCI-6063E, National Instruments Corp., Austin, 

Texas, USA), and then collected by customized software (Labview for Windows, National 

Instruments Corp., see Figure 2.5) on a computer workstation. The monitoring equipment 

was manually calibrated, and all physiological signals were recorded continuously from the 
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beginning of the experiment until termination of the preparation. Upon termination, all data 

were transferred to the online server farm located on the University Ethernet network, and 

recorded on external hard drives for long-term off-line data storage. 

2.6.1. Amniotic and blood pressure signals 

Fetal vascular pressures were corrected for maternal posture changes by subtraction of the 

amniotic pressure trace and collected using physiological pressure transducers (Novatrans II 

MX860, Medex Inc., Kensington, Maryland, USA). The raw pressure signals were collected 

through individual head-stages where the signal was amplified 500x fold and low-pass 

filtered with a Butterworth filter, with the -3 decibel (dB) point set to a cut-off frequency of 

20 Hz. Signals were then digitized at 512 Hz as described above, and stored locally as 1-sec 

averages for later analysis of pressure changes. 

2.6.2. Carotid blood flow and temperature signals 

Carotid blood flow signals were measured continuously from transit-time flow transducer 

probes with a two-channel Transonic T-206 Flowmeter (Transonic Systems Inc.). Data were 

low-pass filtered with a second-order Butterworth filter at 10 Hz, digitized at 512 Hz and 

stored locally to disk as 1-sec averages for later analysis of flow changes over time. Carotid 

blood flow is an index of cephalic blood flow to the brain and correlates well with 

microsphere and laser Doppler measurements under physiological and pathophysiological 

conditions [720; 281; 276; 64]. Fetal extradural and esophageal temperatures were measured 

with disposable skin probes (IncuTemp-1, Mallinckrodt Pharmaceuticals), and data were 

passed through individual head-stages where the analoge signal was filtered with a first-

order low-pass anti-aliasing filter at 0.5 Hz, and then digitized at 512 Hz. 
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2.6.3. EEG, EMG, ECG and impedance signals 

The signals from EEG electrodes were collected through individual head-stages where the 

signal was amplified 10,000x fold and filtered with a first-order high-pass filter at 1.6 Hz 

and a sixth-order low-pass Butterworth anti-aliasing filter, with the -3 dB point set to a cut-

off frequency of 50 Hz. Signals were then digitized at a sampling rate of 512 Hz, and the 

real-time power spectra (in microvolts squared (μV2)) extracted between 1 and 20 Hz from 

four second(s) epochs. Spectral edge frequency [685] was calculated as the frequency below 

which 90% of the power was present. For data presentation purposes, the EEG power was 

log transformed (EEG amplitude (dB), 20 x log (intensity)) as this transformation gives a 

better approximation of normal distribution [250; 775]. These signals were then stored 

locally as 1-sec averages for analysis. The EEG signal was also processed separately 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 the analysis of seizure activity. The nuchal EMG signal was 

passed through an individual head-stage unit where the signal was amplified 4000x fold and 

filtered with a sixth-order low-pass Butterworth filter, with the -3 dB point set to a cut-off 

frequency of 2 kilohertz (kHz). Signals were band-pass filtered between 100 Hz and 1 kHz, 

and integrated using a time constant of 0.1 sec. Signals were digitized at 512 Hz and stored 

locally as 1-min averages for analysis. EMG provides an index of fetal trunk movements. 

Cortical impedance was measured using a standard four-electrode technique, including the 

two frontal EEG electrodes. Briefly, a sinusoidal current with a frequency of 200 Hz and 

amplitude of 0.2 micro-amperes (μA) was injected via the two outer impedance electrodes, 

and the voltage drop across the two inner EEG electrodes was amplified and fed to a phase 

sensitive detector. The output of the phase sensitive detector is a direct current voltage 

proportional to the cortical impedance. Since the impedance of tissue rises as cells depolarize 

and fluid shifts from the extracellular to intracellular space, changes in impedance represent 
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a functional measure of cytotoxic edema [778]. The ECG signal was passed through head-

stage units where the signal was 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, before 

digitization at 512 Hz. The signal was then stored for analysis of ECG waveforms or FHR. 

2.7. Experimental Design 

Experiments were conducted after a post-operative recovery period of 4 to 6 days. On the 

morning of the experiment a blood sample was taken at 08:00 h to confirm fetal wellbeing. 

Experiments were not conducted if the fetal pH was below 7.30, the PaO2 below 18 mmHg 

for preterm and 17 mmHg for term-equivalent fetuses, or if the fetus displayed signs of 

distress on online physiological recordings. All experiments on healthy fetuses were then 

undertaken at 09:00 hours to minimize variance from circadian rhythms. 

2.7.1. Fetal asphyxia 

For the asphyxia experiments described in chapters 4 to 6, complete compression of the 

umbilical cord was performed by inflating the vascular occluder with a volume of sterile 

saline known to completely occlude the umbilical cord as determined in pilot experiments 

with a Transonic flow probe placed around an umbilical vein [68]. The total duration of cord 

occlusion was chosen to represent an acute, near-terminal insult for each gestational age, as 

discussed in chapter 1.2. These durations were as follows: 30 minutes at 0.6GA [68; 254], 

25 minutes at 0.7GA [759; 64], and 15 minutes at 0.8GA [191].  

For the experiments described in chapter 3, brief repeated umbilical cord occlusions were 

performed to reproduce the dynamic, repetitive nature of early labor. These umbilical cord 

occlusions were achieved by inflating the umbilical cord occluder with sterile saline for 60 

seconds (sec) followed by a 4 minute recovery period (inter-occlusion period), after which 
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the next occlusion was due. This procedure was repeated for up to four hours (equal to 49 

occlusions), or until MAP had fallen below 20 mmHg during two successive occlusions. 

The umbilical cord occlusion was deemed successful if the fetus responded with rapid 

bradycardia and arterial hypertension. FHR and MAP traces were monitored continuously 

during the occlusion and blood samples were taken to assess fetal condition. The occlusion 

was discontinued when MAP fell below 8 mmHg, or when cardiac asystole on continuous 

ECG recording persisted for longer than 30 sec. Healthy preterm fetuses tolerated these 

insults surprisingly well and usually recovered without pharmacological resuscitation. 

At the end of occlusion, the cord occluder was slowly deflated over 10 to 15 seconds to 

prevent rapid changes in the circulating blood volume. Successful recovery from occlusion 

was confirmed by an immediate increase in FHR and MAP. If bradycardia persisted for more 

than 30 seconds on ECG or MAP did not increase to over 50% of baseline within 60 seconds 

after release of the occlusion then an i.v. dose of adrenaline (0.1 mL/kg estimated fetal 

weight, 1:10,000 IU adrenaline, Onelink) was given to the fetus via the brachial vein.  

2.7.2. Fetal ischemia 

For the ischemia experiments described in chapter 7, complete occlusion of the common 

carotid arteries was performed by rapid inflation of both carotid occluders with a small 

amount (approximately 0.5 mL) of sterile saline. The occluder leads were double clamped 

with blunt forceps when provisional occlusion was achieved based on haptic feedback from 

the saline-filled syringes. Successful occlusion was confirmed by rapid suppression of EEG 

activity, acute cessation of carotid blood flow, and a rise in cortical impedance after 

approximately 5 min. The carotid artery occlusions were maintained for 30 min, after which 

the occlusions were released by unclamping of the blunt forceps. Release of the occlusions 

was confirmed by immediate return of carotid blood flow to at least 80% of baseline, and a 
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gradual recovery of cortical impedance to baseline values within 1 hour. Previous studies 

have shown that the EEG activity remained suppressed below 10 dB after successful carotid 

occlusion, whereas EEG activity that rebounded to baseline values with reinstatement of 

sleep state cycling would indicate imperfect blocking of the anastomoses and sparing of the 

fetal brain. These failed occlusions were excluded from analyses. 

2.7.3. Blood composition analysis 

Fetal blood gas analysis (corrected for fetal temperature, Radiometer) and measurement of 

glucose and lactate levels (YSI Ltd.) were performed at specified time points during the 

experiments. Fetal blood samples were also taken for erythropoietin studies. These samples 

were collected in EDTA vacutainers (Onelink), spun at 3000 rounds per minute (rpm) for 10 

minutes at 4ºC using a refrigerated centrifuge (Heraeus Megafuge 8R, Thermo Fisher 

Scientific Ltd.), and the plasma stored at -80ºC for analysis. The sampling protocols are 

detailed in the relevant chapters. Blood sampling on any given day never exceeded 10% of 

the fetal blood volume; this volume is well-tolerated by the fetus [92]. 

2.7.4. Hypothermia treatment 

For the whole-body hypothermia experiments described in chapter 5, cooling was started 

early (30 min) or late (5 h) after reperfusion from asphyxia, and continued until 72 hours. 

Mild induced whole-body cooling was titrated in the first 2 hours to reduce fetal extradural 

temperature from 39.4 ± 0.1ºC to between 36 and 37ºC. For the hypothermia experiments 

described in chapter 7, moderate cerebral cooling was started 3 h after reperfusion from 

global cerebral ischemia, and continued until 72 hours. The target extradural temperature 

was between 31-33°C. In either protocol, hypothermia was performed by connecting the 

ends of the cooling coil with a water pump (GD120 Optima pump, Grant Instruments Ltd., 

Cambridgeshire, United Kingdom) that was placed in a water bath refrigerated with an 
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immersion cooler (Grant Instruments Ltd.), and this circulated water through the cooling coil 

(see Figures 2.4 and 2.6). Water was not circulated in the non-hypothermia groups. 

 

Figure 2.6. Photographic examples of the fetal sheep preparation in an animal monitoring 
room. The water pump was placed in a refrigerated water bath, with the immersion cooler 
on the trolley’s lower tray. The cooling coil leads coming from the ewe’s flank connected to 
the water pump via polyvinyl chloride tubing (PVC; approximate 2 m lengths). 

2.7.5. Erythropoietin treatment 

In the rEpo studies, fetuses received either sterile isotonic saline with 0.1% bovine serum 

albumin (vehicle solution; BSA, Sigma-Aldrich, Auckland, New Zealand) or rEpo (Janssen-

Cilag Ltd., Auckland, New Zealand) in vehicle solution, from 30 minutes after asphyxia in 

preterm fetal sheep (see chapter 6) or 3 h after global cerebral ischemia in term-equivalent 

fetal sheep (see chapter 7) and continued for 72 hours after asphyxia or onset of ischemia. 

Catheters were pre-infused with vehicle solution before the experiment.  

rEpo or an identical volume of vehicle solution was injected i.v. through the brachial vein as 

a loading bolus of 5000 IU/kg by slow push over 5 sec, followed by continuous infusion of 

833.3 IU/kg/h. Fetal weight for these studies was estimated at 1 kg for preterm (0.7GA) and 

4 kg for term-equivalent fetuses (0.8GA), based on previous studies. 
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2.7.6. Erythropoietin assay 

Fetal plasma concentrations of Epo were measured in duplicate using the commercially 

available Quantikine human erythropoietin enzyme-linked immuno-sorbent assay (DEP00, 

R&D Systems, Minneapolis, Minnesota, USA), as previously reported [371]. Validation of 

this assay for ovine plasma was performed using plasma samples from healthy fetal sheep 

that contained known quantities of rEpo (Janssen-Cilag Ltd.); average inter-assay recovery 

of low (50 mIU/mL), medium (100 mIU/mL) and high (150 mIU/mL) rEpo concentrations 

was 82.1 ± 1.0%. Human sera with reference rEpo concentrations (CEP01 and 03, R&D 

Systems) and negative controls were also included to validate each assay. 

Briefly, diluent (100 microliters (µl)) was pipetted into microplate wells with immobilized 

mouse anti-Epo monoclonal antibody, followed with 100 µl of standard or specimen. The 

samples were then incubated for 1 h at room temperature using a benchtop shaker at 500 ± 

50 rpm (PMS1000i, Grant Instruments Ltd.). The wells were aspirated, labeled with 200 µl 

rabbit anti-Epo human polyclonal antibody conjugate, incubated as above, and rinsed 4x in 

washing buffer using a microplate washer (ELx50, BioTek Instruments Inc., Winooski, 

Vermont, USA). Chromophore reaction (200 µl, 0.35 gram (g) per L tetramethylbenzidine, 

0.01 mol/L H2O2) was allowed for 25 min, and stopped with 100 µl 2 mol/L H2SO4. 

All specimens were then measured spectrophotometrically at 450 nanometer (nm) with the 

reference wavelength set at 570 nm (Synergy 2TM Multi-Mode Microplate Reader, Biotek 

Instruments Inc.), and the results adjusted with the recovery and dilution factor. Samples 

were evaluated between 1:100 and 1:800 dilution, or undiluted as required. Samples below 

the lower detection limit of the immuno-assay were assigned the value < 2.5 mIU/mL. The 

correlation coefficient for the 4-parameter logistic fitted standard curve (2.5-200 mIU/mL), 

and the intra-assay and inter-assay coefficients are reported in the respective chapters. 
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2.8. Termination and Histological Procedures 

2.8.1. Post-mortem procedures 

After completion of the experiment, the ewes and fetuses were killed by an i.v. overdose of 

pentobarbitone sodium (30 mL given to the ewe by slow push; 300 mg/mL, Pentobarb 300, 

Provet, Auckland, New Zealand) administered via the maternal saphenous vein catheter. The 

fetuses were delivered by hysterectomy and sex, body and organ weights determined. 

2.8.2. Tissue preparation 

The fetal brains were gravity perfusion fixed in situ through both common carotid arteries 

with 500 mL of heparinized isotonic saline (20 IU/mL; Onelink) followed by 500 mL of 

10% phosphate buffered formalin (3.47 g NaH2PO4, 6.5 g Na2HPO4; Sigma-Aldrich, 900 

mL distilled water and 100 mL 37% formalin, Global Science, Auckland, New Zealand), 

from an approximate height of 2 m. After removal from the skull, brain tissue was post-fixed 

in 10% formalin for 3-6 days before processing and embedding using a standard paraffin 

preparation [778]. The brain tissues were then serially sectioned using sheep brain matrices 

appropriate for the gestational age, transferred into an acetyl-polymer macro-processing 

cassette (7007, Electron Microscopy Sciences, Hatfield, Pennsylvania, USA), and processed 

by an automated enclosed tissue processor (Leica APS 300S, Bio-Strategy Ltd., Auckland, 

New Zealand). The sheep brain matrices were all custom-made and allowed reproducible 

sectioning of fetal sheep brain tissues. The white matter and striatal tissues were isolated by 

a direct coronal cut through the optic chiasm, while the hippocampus, thalamus and cortex 

were separated posterior to the cerebral peduncle and anterior to the pons. 

Preterm brain tissues were dehydrated in increasing concentrations of ethanol (70%, 80%, 

2x 95%, 2x 100% for 1 hour each, Global Science), chloroform (2x for 1 hour each, Global 

Science), and paraffin wax (three changes of wax for 1.5 hour each, Bio-Strategy Ltd.). For 
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term-equivalent brain tissues, the incubation times were increased for ethanol (1.5 hour each, 

except for 70% which was 2.5 hours) and chloroform (2x 1.5 hours each), to allow longer 

solvent penetration in these larger brains. The dehydrated brain tissues were then embedded 

in paraffin wax (Paraplast® Regular, Sigma-Aldrich) using an embedding unit (Shandon 

Histocentre 2, Thermo Fisher Scientific Ltd.), and mounted on acetyl-polymer embedding 

cassettes (CASLID-02, Techno Plas Pty Ltd., Adelaide, South Australia, Australia). 

2.8.3. Immunohistochemistry 

For the specific stains and imaging performed in the rEpo studies please refer to chapters 6 

to 7. Coronal slices (10 micrometers (µm) thick) at the level of the mid-striatum and dorsal 

hippocampus were cut using a microtome (Leica Jung RM2035, Leica Microsystems Ltd., 

Albany, New Zealand), and mounted on chrome alum-coated slides. Slides were dewaxed 

in xylene, rehydrated in decreasing concentrations of ethanol and washed 3x in 0.1 mol/L 

phosphate buffered saline (PBS; 8.0 g NaCl, 0.2 g KCl, 1.2 g Na2HPO4, 0.2 g NaH2PO4, pH 

7.4; Sigma-Aldrich). Antigen retrieval was performed in 0.01 mol/L citrate buffer (0.4 g 

C6H8O7.H20, 2.4 g Na3C6H5O7.2H20, pH 6.0; Sigma-Aldrich), using an antigen retriever 

system (2100 Retriever, Aptum Biologics Ltd., Southampton, United Kingdom). 

Endogenous peroxidase quenching was performed for 30 min through incubation in 1% H202 

in methanol for neuronal nuclei (NeuN), cysteine-aspartic acid protease 3 (Caspase3), 

ionized calcium-binding adapter molecule 1 (Iba1), glial fibrillary acidic protein (GFAP), 

2',3'-cyclic nucleotide 3'-phosphodiesterase (CNPase), and the proliferative marker Ki67, 

and PBS for oligodendrocyte transcription factor 2 (Olig2; a marker of oligodendrocytes at 

all stages of the lineage [353]). Blocking was performed in 3% normal goat serum (NGS; 

Life Technologies Ltd., Auckland, New Zealand) in PBS for 1 hour at room temperature. 

Sections were then labeled with 1:200 rabbit anti-NeuN (AB177487, Abcam, Melbourne, 
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Australia), 1:200 rabbit cleaved caspase3 (CTE9661S, Thermo Fisher Scientific Ltd.), 1:200 

rabbit anti-Iba1 (AB178680, Abcam), 1:200 rabbit anti-GFAP (AB68428, Abcam), 1:200 

mouse anti-CNPase (AB6319, Abcam), 1:200 mouse anti-Ki67 (M7240, Dako Ltd., Sydney, 

New South Wales, Australia), and 1:200 rabbit anti-Olig2 (AB109186, Abcam) in 3% NGS-

PBS, overnight at 4ºC. Sections were then washed in PBS for 3 x 5 min before incubation in 

1:200 goat anti-rabbit (NeuN, Caspase3, Iba1, GFAP, and Olig2) or goat anti-mouse biotin-

conjugated IgG (CNPase and Ki67; In Vitro Technologies, Auckland, New Zealand) in 3% 

NGS-PBS, overnight at 4ºC. Slides were incubated in 1:200 ExtrAvidin-Peroxidase (Sigma-

Aldrich) in 3% NGS-PBS for 2 hours at room temperature, and reacted in diaminobenzidine 

(DAB; Sigma-Aldrich). The reaction was stopped in PBS, sections dehydrated and mounted 

with DPX (Scharlab, Barcelona, Spain), and quantified with bright-field microscopy. 

For the study described in chapter 5, the histological protocols for NeuN and IB4 differed 

from the description above. Methodological differences are highlighted below, and greater 

detail is provided in the relevant chapter. Sections were cut at 6 μm using a microtome (Leica 

Microsystems Ltd.); procedures for dewaxing, rehydrating, antigen retrieval and peroxidase 

quenching were performed as described above. Blocking for NeuN was performed in 2.5% 

normal horse serum (NHS) for one hour, at room temperature. Sections were then labeled 

consecutively with 1:400 mouse anti-NeuN (Chemicon International, Temecula, California, 

USA), and 1:200 biotin-conjugated anti-mouse IgG (In Vitro Technologies) in 2.5% NHS-

PBS, overnight at 4ºC. For activated microglia, the antigen retrieved sections were labeled 

with 1:100 biotin-conjugated isolectin B4 (IB4, Sigma-Aldrich) in PBS, overnight at 4°C. 

Sections for NeuN and IB4 were then washed thrice in PBS (5 min each), incubated with 

1:50 avidin-biotin complex (Vectastain Elite ABC Kit, Vector Laboratories) in PBS for 2 

hours at room temperature, and reacted in DAB (Sigma-Aldrich). The reaction was stopped 
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in distilled water, and dehydration and mounting procedures were performed as described 

above. The tissue sections were then quantified with semi-quantitative stereology. 

2.8.4. Bright-Field imaging and quantification 

The forebrain regions used for analysis included the mid-striatum (comprising the caudate 

nucleus and putamen), and the frontal subcortical white matter comprising the parasagittal 

intragyral (IGWM) and periventricular (PVWM) regions on sections taken 23 mm anterior 

to stereotaxic zero. The thalamus and parasagittal cortex, and cornu ammonis (CA) of the 

dorsal horn of the anterior hippocampus (divided into CA1/2, CA3, CA4, and dentate gyrus), 

were assessed on sections taken 17 mm anterior to stereotaxic zero. Images were obtained 

from labeled sections by light microscopy at x20 magnification on a Nikon 80i microscope 

equipped with a DS-Fi1-U3 camera and NIS Elements Br 4.0 imaging software (Nikon 

Instruments, Melville, New York, USA) using four fields in the striatum (two each in the 

caudate nucleus and putamen), three fields in the white matter (two intragyral parasagittal, 

one periventricular), two fields in the thalamus (one geniculate nucleus, one medial nucleus), 

four fields in the first and second parasagittal cortex, and one field in each of the respective 

hippocampal divisions (see Figure 2.7 for regional examples). 

Numbers of immunohistochemically -positive cells were quantified using ImageJ software 

(National Institutes of Health, USA) by the author who was masked to the experimental 

groups through independent coding of the slides. Average scores across both hemispheres 

from two sections were calculated for each individual region. NeuN-positive neurons were 

identified morphologically by the presence of normal appearing nuclei; pyknotic cells that 

had condensed nuclei or fragmented appearance were not counted. Caspase3-positive cells 

that were pyknotic and microglia with amoeboid or ramified morphology were included. 
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Figure 2.7. Photomicrographs illustrating the different anatomical regions that were used to 
count immunohistochemically -positive cells with bright-field microscopy in subcortical 
white matter (panel A), striatum (panel B), hippocampus (panel C), thalamus (panel D), and 
the parasagittal cortex (panel E). Three regions in the subcortical white matter (1x 
periventricular, and 2x intragyral parasagittal; squares 1-3), four regions in the striatum (2x 
caudate nucleus, and 2x putamen; squares 4-7), four regions in the hippocampus (CA12, 
CA3, CA4 and dentate gyrus; squares 8-11), two regions in the thalamus (medial nucleus 
and medial geniculate nucleus; squares 12-13), and eight regions in the parasagittal cortex 
(4x first parasagittal cortex, 4x second parasagittal cortex; squares 14-21) were assessed, 
respectively. Quantification of Iba1-positive cells in study 7 was performed in area 14 and 
18 (panel E) of the parasagittal cortex. Examples were derived from representative regions 
in the term-equivalent fetal sheep labeled with NeuN. Digital images were obtained at 1x 
magnification, except for the hippocampus which was taken at 4x magnification. 



Chapter 2 - Methods and Materials 

  121 

2.8.5. Stereological imaging and quantification 

For the studies described in chapter 5, four serial sections of the forebrain were analyzed at 

23 mm anterior to stereotaxic zero at the level of the mid-striatum (comprising the caudate 

and putamen). NeuN and IB4-positive cells were counted on sections by light microscopy 

using a Nikon Eclipse 80i microscope with motorized stage (Scitech Pty. Ltd., Melbourne, 

Victoria, Australia) and Stereo Investigator (MBF Bioscience, Williston, Vermont, USA) 

software, by an investigator masked to the treatment groups by coding of the slides. 

Sampling was performed using stereological principles by first tracing around each region 

of interest at 2 x magnification and then randomly translating a grid onto the sections and 

applying an optical fractionator probe with a counting frame for object inclusion/exclusion 

at 40x magnification. The grid and counting frame sizes used for the caudate and putamen 

were 600 x 600 μm and 100 x 100 μm, respectively. Cells touching the bottom and right-

hand boundaries were included, whereas those touching the top and left were excluded.  

The estimated total number of cells in the caudate and putamen was then calculated (slides 

were cut at 6 μm thickness, with 1 slide every 10 sampled giving a total structure thickness 

of 240 μm), using Stereo Investigator software (MBF Bioscience). This semi-stereological 

approach allowed a greater resolution and anatomical coverage of the quantitative changes 

in neurons and activated microglia, compared with bright-field microscopy [59].  
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2.9. Data Analysis and Statistical Proceedings 

2.9.1. Data analysis 

All data analyses were performed with customized Labview-based programs (Labview for 

Windows, National Instruments Corp.), Windows Office 2013 (Microsoft Corp., Auckland, 

New Zealand), and GraphPad Prism (version 6.03; GraphPad Software Inc., San Diego, 

California, USA) using a computer with a Windows 7 Enterprise operating system. These 

analyses were study specific, and are described in detail in the relevant chapters. Recurring 

parameters include carotid vascular conductance (CaVC) which was calculated using the 

formula CaBF / MAP. The conductance was calculated instead of the reciprocal, vascular 

resistance, because during umbilical cord occlusion the denominator of vascular resistance, 

carotid blood flow, approaches zero leading to highly non-linear, non-parametric changes 

[357]. Seizure activity was identified visually on the raw EEG recording and defined as the 

concurrent appearance of sudden, repetitive, evolving stereotypic waveforms, lasting more 

than 10 sec with an amplitude greater than 20 µV, as described by Scher et al. [633]. 

2.9.2. Statistical analysis  

The specific statistical procedures performed for these studies are described in detail in the 

respective chapters. In general, the effects of occlusion and treatment on fetal physiological 

and histological parameters were evaluated by analysis of variance, with time treated as a 

repeated measure and baseline as a covariate where appropriate (ANOVA, SPSS version 22, 

SPSS Inc., Chicago, Illinois, USA). Where a significant overall effect of group or interaction 

between group and time was found, between and within-group comparisons were performed 

by univariate analysis with appropriate post-hoc correction. Abnormally distributed data 

were compared by non-parametric tests. Data are presented as mean ± standard error of the 

mean (SEM). Statistical significance was accepted at P< 0.05. 
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3.1. Preface 

Chronic antenatal hypoxia due to placental dysfunction is associated with increased risk of 

stillbirth, metabolic acidosis during labor, and abnormal neurodevelopmental outcome. We 

have previously reported that even brief repeated umbilical cord occlusions in near-term fetal 

sheep with pre-existing hypoxia were associated with progressive metabolic acidosis and 

severe systemic hypotension. These findings suggest that pre-existing hypoxia impairs fetal 

cardiovascular adaptation to usually well-tolerated labor-like asphyxia, but the effects on the 

brain are unclear. In this study, I tested the hypothesis that cardiovascular impairment would 

be associated with corresponding neurophysiologic impairment. This chapter was published 

as a manuscript in PLoS One (DOI: 10.1371/journal.pone.0073895). 
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3.2. Abstract 

Spontaneous antenatal hypoxia is associated with high risk of adverse outcomes; however, 

there is little information on neural adaptation to labor-like insults. Chronically instrumented 

near-term sheep fetuses (125 ± 3 days, mean ± SEM) with baseline PaO2 < 17 mmHg 

(hypoxic group: n = 8) or > 17 mmHg (normoxic group: n = 8) received 1-minute umbilical 

cord occlusions repeated every 5 minutes for a total of 4 hours, or until mean arterial blood 

pressure (MAP) fell below 20 mmHg for two successive occlusions. 5/8 fetuses with pre-

existing hypoxia were unable to complete the full series of occlusions (vs. 0/8 normoxic 

fetuses). Pre-existing hypoxia was associated with progressive metabolic acidosis (nadir: pH 

7.08 ± 0.04 vs. 7.33 ± 0.02, P<0.01), hypotension during occlusions (nadir: 24.7 ± 1.8 vs. 

51.4 ± 3.2 mmHg, P<0.01), lower carotid blood flow during occlusions (23.6 ± 6.1 vs. 63.0 

± 4.8 mL/min, P<0.01), greater suppression of electroencephalographic (EEG) activity 

during, between, and after occlusions (P<0.01) and slower resolution of cortical impedance, 

an index of cytotoxic edema. No normoxic fetuses, but 4 of 8 hypoxic fetuses developed 

seizures 148 ± 45 min after the start of occlusions, with a seizure burden of 26 ± 6 sec during 

the inter-occlusion period, and 15.1 ± 3.4 min/h in the first 6 h of recovery. In conclusion, 

in fetuses with chronic hypoxia, repeated brief asphyxia at a rate consistent with early labor 

is associated with hypotension, cephalic hypoperfusion, increased EEG suppression, inter-

occlusion seizures, and sustained cytotoxic edema, consistent with onset of neural injury.  
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3.3. Introduction 

Chronic antenatal hypoxia due to placental dysfunction or multiple pregnancies is commonly 

associated with growth retardation and a higher risk of stillbirth [521], and long-term 

abnormal neurodevelopmental outcome [15]. It is unclear to what extent such pre-existing 

hypoxia contributes to greater risk of acute perinatal brain injury. We have previously shown 

that in fetal sheep with pre-existing stable hypoxia even brief umbilical cord occlusions, 

repeated at a rate consistent with early labor, are associated with severe metabolic acidosis 

and hypotension [762]. These observations clearly indicate that chronic stable hypoxia is 

associated with reduced cardiac tolerance to labor-like asphyxia, but the effects on cerebral 

perfusion and neural adaptation are unclear.  

The rapid initial suppression of EEG activity during severe hypoxia and asphyxia, before the 

onset of neural depolarization [17], reflects active suppression of brain metabolism [567; 

203; 292; 190] that helps delay the onset of cytotoxic edema and reduces neuronal injury 

[333]. This neuroprotective response has also been described during repeated umbilical cord 

occlusions in healthy near-term fetal sheep, with rapid and reversible suppression of EEG 

activity approximately 90 sec after the onset of each occlusion, with superior sagittal sinus 

blood flow and blood pressure values that were maintained at or above baseline values [381; 

375]. In contrast, Frash et al observed EEG suppression only when one-minute occlusions 

were repeated every 2 min, and coincided with worsening acidemia and hypotension [241]. 

In addition, De Haan et al reported that suppression of EEG activity was both faster and 

more profound during 2-min occlusions repeated every 5 min compared to 1-min occlusions 

repeated every 2.5 minutes, and associated with greater frequency of epileptiform and spike 

activity between occlusions [174]. These findings suggest that the extent of neural adaptation 

and aberrant EEG activity during repeated brief asphyxia relates to the development of 

systemic compromise, and thus may be linked directly to pre-existing fetal condition. 
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Therefore, in the present study we examined the hypothesis that in near-term fetal sheep with 

pre-existing stable hypoxia, one-min umbilical cord occlusions repeated every five minutes, 

a rate consistent with early labor, is associated with cerebral hypoperfusion and cytotoxic 

edema, greater EEG suppression, and development of abnormal EEG activity. 
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3.4. Materials and Methods 

3.4.1. Surgical preparation and post-operative care 

All animal procedures were approved by the Animal Ethics Committee of the University of 

Auckland, New Zealand. Sixteen time-mated Romney/Suffolk cross-breed fetal sheep were 

instrumented between 119 and 122 days gestation (term = 147 days) using sterile technique 

as described earlier [763]. We have previously reported changes in FHR, MAP, T/QRS ratio, 

and blood composition for a subset of animals from this experimental group [762]. Food, 

but not water was withdrawn 18 hours before surgery. Ewes were given 5 mL of Streptopen 

(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. Anesthesia was induced by i.v. injection of Alfaxan (alphaxalone, 3 mg/kg, Jurox, 

Rutherford, New South Wales, Australia), and general anesthesia maintained using 2-3% 

isoflurane in O2. The depth of anesthesia and maternal respiration were constantly monitored 

by trained anesthetic staff, and the ewes received a constant infusion of isotonic saline to 

maintain maternal fluid balance. 

Following a maternal midline abdominal incision and exteriorization of the fetus, polyvinyl 

catheters were placed in the left and right brachial artery and right vein to measure arterial 

and venous blood pressure and to obtain fetal arterial blood samples. An amniotic catheter 

was secured to the fetal shoulder. ECG electrodes (AS633-3SSF, Cooner Wire Company) 

were placed subcutaneously over the right shoulder and chest at apex level and sewn across 

the chest to record the fetal ECG. An ultrasound blood flow probe (3S-mm, Transonic 

Systems Inc.) was placed around the left carotid artery to measure CaBF as an index of global 

cephalic blood flow [720; 157; 190].  
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Two pairs of EEG electrodes (AS633-7SSF, Cooner Wire Company) were placed on the 

dura over the parasagittal parietal cortex (5 mm and 15 mm anterior to bregma and 10 mm 

lateral) and secured with cyanoacrylate glue. To measure cortical impedance, a third pair of 

electrodes (AS633-3SSF, Cooner Wire Company) was placed over the dura 5 mm lateral to 

the EEG electrodes, and a reference electrode was sewn over the occiput. An inflatable 

silicone occluder was loosely fitted around the umbilical cord of all fetuses (In Vivo Metric). 

The uterus was then closed and Gentamicin (80 mg/2mL, Rousell, Auckland, New Zealand) 

was administered into the amniotic sac. Any amniotic fluid lost during surgery was replaced 

using isotonic saline warmed to 37°C. The maternal abdominal wall and skin was repaired 

and the skin incision infiltrated with 10 mL of local acting analgesic Marcain (0.5% 

bupivacaine plus adrenaline, AstraZeneca Ltd.). All leads were then exteriorized through the 

maternal flank and a maternal long saphenous vein was catheterized to provide access for 

post-operative care and euthanasia. During the surgical procedures, care was taken to avoid 

damage to the placental cotyledons, to make small incisions that followed the line of uterine 

blood flow, to withdraw fetuses as little as possible and to replace them in situ in their natural 

lie, to avoid twisting of the umbilical cord. Surgery was completed in 3 h or less in all cases.  

Post-operatively all ewes were housed in individual metabolic wooden cages with access to 

water and concentrate pellet feed (Country Harvest Stockfeed, Cambridge, New Zealand) 

ad libitum. The animal housing facility was climate-controlled (temperature; 16 ± 1°C, 

humidity; 50-60%), and operated on a 12 hour light-dark cycle at all times. During the post-

operative recovery period all ewes were given i.v. antibiotics, including Gentamicin (80 

mg/2mL for 2 days, Rousell) and benzylpenicillin sodium (600 mg for 4 days, Novartis Ltd., 

Auckland, New Zealand). Fetal catheters were maintained patent by continuous infusion of 

heparinized saline (20 IU/mL at 0.2 mL/h), and the maternal catheter maintained by daily 

flushing with heparinized saline. All fetuses were monitored daily after surgery. Only fetuses 
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with normal sleep state cycling and no seizure activity before the experiment were studied. 

Experiments were started 3 to 6 days after surgery (125 ± 1 days gestation). Three days after 

the occlusion series, ewes and fetuses were killed with an i.v. overdose of pentobarbitone 

sodium (9 g) to the ewe (Pentobarb 300; Chemstock International, Christchurch, New 

Zealand). Fetuses were removed by hysterectomy and weighed. Histology is unavailable in 

the present study due to a high mortality rate in the hypoxic group. 

3.4.2. Data acquisition 

Fetal MAP, corrected for maternal movement through the subtraction of amniotic pressure 

(Novatrans II, MX860; Medex Inc.), CaBF, ECG, EEG, and impedance were recorded 

continuously, from 24 h before the experiment until fetal death. The MAP signal was 

collected at 64 Hz and low-pass filtered at 30 Hz. Carotid blood flow was measured as an 

index of changes in global cephalic blood flow [281]. The raw ECG was analog filtered 

between 0.05 and 80 Hz and digitized at 512 Hz. The EEG signal was processed with a first-

order high-pass filter at 1.6 Hz and a 6th order Butterworth low-pass filter with a cut-off 

frequency at 50 Hz, and then digitally stored at a sampling rate of 64 Hz. EEG intensity 

(power) was derived from the power spectrum signal between 1 and 20 Hz, and log 

transformed (dB, 20 x log (intensity)), as this transformation gives a better approximation of 

normal distribution [775]. All experimental data were collected using customized acquisition 

software (Labview for Windows, National Instruments) for off-line analysis.  

3.4.3. Experimental design  

Arterial blood gases were measured daily after fetal instrumentation. Fetuses from singleton 

(n = 1), twin (n = 5) or triplet (n = 2) pregnancies with stable PaO2 less than 17 mmHg for 

at least two days were assigned to the hypoxic group (n = 8). The normoxic group (n = 8) 

consisted of healthy twin (n = 4) and singleton pregnancies (n = 4) with an arterial PaO2 
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greater than 17 mmHg. Repeated umbilical cord occlusion was achieved by inflating the 

umbilical occluder with sterile saline for 60 seconds followed by a 4 minute recovery period 

(inter-occlusion period), after which the next occlusion was performed. This procedure was 

repeated for up to four hours (equal to 49 occlusions), or until the MAP had fallen below 20 

mmHg during 2 successive occlusions. Fetal blood gas analysis (Ciba-Corning diagnostics 

845 blood analyzer, Massachusetts, USA) and measurements of glucose and lactate levels 

(YSI model 2300, YSI Ltd.) were performed before (baseline) and after the first occlusion, 

after every 12th occlusion, the last occlusion, 30 min, one, four and 24 h after occlusions. 

3.4.4. Data analysis and statistical procedures 

One second averaged MAP and CaBF data were used to determine the maximum value at 

the beginning of each occlusion, the minimum value at the end of each occlusion, and the 

mean inter-occlusion MAP and CaBF, calculated from the 2nd minute until the start of the 

next occlusion. Cephalic oxygen delivery was calculated as fetal arterial oxygen content 

(CtO2) x CaBF. For impedance, the peak value of each occlusion was determined using one 

minute averaged data and expressed as percent change from baseline, calculated from the 

mean 12 hour period before the start of the occlusion series. The impedance of tissue rises 

concomitantly as cells depolarize and fluid shifts from the extracellular to intracellular space, 

and thus impedance is a functional measure of cytotoxic edema [776; 174]. One second 

averaged EEG power data (derived from non-overlapping epochs) was normalized by 

subtraction of the mean 12 hour baseline period, and used to identify the maximum EEG 

suppression of each occlusion, determined as the nadir that occurred within 90 seconds from 

the start of occlusion. To reduce variance from either suppression or seizures at the end of 

occlusion, the mean inter-occlusion EEG was calculated from the 3rd minute until the start 

of the next occlusion. For each parameter, the baseline period was taken as the mean of 6 

hours before the first occlusion. Overt electrographic seizures were identified visually and 
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defined as the concurrent appearance of sudden, repetitive, evolving stereotyped waveforms 

in the EEG signal, lasting more than 10 seconds and >20 µV [631]. Seizure-like events were 

defined as similar in appearance to stereotypic seizures, but lacking its evolutionary pattern. 

Seizure burden was calculated as the mean time of seizure activity between each occlusion 

or per hour of recovery. Two animals in the normoxic group were not included in the EEG 

power analysis due to excessive artifact on the recordings, while one normoxic animal was 

not included for the analysis of both seizures and sleep state cycling. Sleep state cycling was 

determined to the nearest hour from 1-min EEG data as a repetitive alternating pattern of 

high and low-voltage activity, with each phase lasting ~20-30 min. Time of death was taken 

for animals that did not recover sleep state cycling. 

Because some fetuses in the hypoxic group were unable to complete the full 4 hour period 

before MAP fell below 20 mmHg during two successive occlusions, the occlusion series are 

represented as the means of four quarters of the total occlusion period in order to allow 

comparison with the normoxic group. Each quarter included 9 occlusions per animal; the 

first quarter begins with the first occlusion and the last quarter ends with the final occlusion 

for each fetus. The middle two quarters were defined as the median of the respective interval 

± 4 occlusions. The effects of hypoxia and occlusions on physiological changes were 

assessed by ANOVA (SPSS v22, SPSS Inc.), with time treated as a repeated measure. The 

baseline was used as a covariate for MAP and CaBF. When statistical significance was 

detected, post-hoc comparisons were performed with univariate analysis and Fisher’s Least 

Significant Difference or Dunnett test. Data not normally distributed were compared by non-

parametric Mann-Whitney U test. All data are mean ± SEM. 
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3.5. Results 

There was no difference in the 6 hour baseline measurements of CaBF, EEG power, or 

impedance between groups, but MAP was lower in the hypoxic group (41.4 ± 1.5 vs. 46.4 ± 

0.8 mmHg, P<0.05). Gestational age and gender were similar between groups, but fetuses in 

the hypoxic group were significantly smaller at post-mortem (3273 ± 226 vs. 4040 ± 141 g, 

P<0.05, Table 3.1). Five of 8 fetuses in the chronic hypoxic group were discontinued early 

(at occlusion numbers 34, 39, 44, 44, and 45 respectively), when MAP had fallen below 20 

mmHg during two successive occlusions. Five fetuses in the hypoxic group died early in the 

recovery period because of deteriorating condition (mean survival time; 25.3 ± 5.8 vs. 68.0 

± 1.1 hours after final occlusion, P<0.01). 

Table 3.1. Experimental groups. 

Group n Gestation (days) Weight (g) Singleton :  
Twin : Triplet 

Sex       
(female : 

male) 

N 8 126.4 ± 0.9 4040 ± 141 4 : 4 : 0 5 : 3 

H 8 124.0 ± 0.9 3273 ± 226* 1 : 5 : 2 3 : 5 

Normoxic (N: n = 8) and Hypoxic (H: n = 8) groups. Data are mean ± SEM; between-group 
comparisons by Mann-Whitney U test. *P <0.05, †P <0.01. 

3.5.1. Blood composition analysis 

The hypoxic group had stable but significantly lower baseline pH, PaO2 and oxygen content 

(CtO2) values (P<0.01), and higher PaCO2 (P<0.05) than the normoxic group (Table 3.2). In 

the normoxic group, brief repeated umbilical cord occlusions were associated with a minor 

fall in pH and CtO2, and a moderate rise in base deficit and lactate, whereas pre-existing 

stable hypoxia was associated with severe mixed respiratory and metabolic acidosis that 

progressively worsened throughout the occlusion series (Table 3.2), with a greater rise in 

lactate (P<0.05 vs. normoxic group). All parameters had recovered to their respective 

baseline levels within 24 hours after the final occlusion. 
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Table 3.2. Fetal blood composition parameters in the Normoxic (N; n = 8) and Hypoxic (H; n = 8) groups.
  Baseline   Occlusion    Recovery  

  -60 min First 12 24 36 Final +30 min +60 min +4 h +24 h 

pH N 7.40 ± 0.01 7.37 ± 0.02 7.33 ± 0.02 7.31 ± 0.03 7.32 ± 0.03 7.32 ± 0.03 7.39 ± 0.02 7.40 ± 0.01 7.43 ± 0.01 7.39 ± 0.01 
 H 7.37 ± 0.01† 7.33 ± 0.02 7.13 ± 0.03† 7.09 ± 0.04† 7.05 ± 0.06† 7.07 ± 0.05† 7.14 ± 0.06† 7.18 ± 0.05† 7.30 ± 0.05† 7.40 ± 0.01 

PaCO2 N 45.5 ± 1.0 48.2 ± 2.0 47.4 ± 1.4 46.3 ± 2.4 47.0 ± 2.2 46.3 ± 1.4 43.3 ± 1.0 43.0 ± 1.1 44.9 ± 1.6 46.5 ± 1.1 
mmHg H 50.2 ± 1.3* 52.9 ± 2.7 60.0 ± 2.8† 52.3 ± 2.3 55.3 ± 2.9* 54.2 ± 3.4* 47.6 ± 2.9 47.2 ± 2.2 49.6 ± 2.5 50.8 ± 1.6* 

PaO2 N 21.4 ± 0.6 19.3 ± 1.5 17.8 ± 1.2 18.0 ± 1.1 16.9 ± 0.9 16.6 ± 0.6 20.3 ± 1.0 19.6 ± 1.0 19.9 ± 0.8 21.2 ± 0.7 
mmHg H 11.4 ± 0.9† 11.9 ± 0.7† 14.2 ± 0.8* 15.4 ± 0.7 14.5 ± 0.5* 14.4 ± 1.2 13.9 ± 0.7† 13.6 ± 0.6† 11.6 ± 0.5† 11.1 ± 1.1† 

CtO2 N 4.3 ± 0.3 3.4 ± 0.3 3.3 ± 0.3 3.3 ± 0.2 3.0 ± 0.2 3.0 ± 0.2 4.1 ± 0.4 4.0 ± 0.3 3.9 ± 0.3 4.2 ± 0.3 
mmol/L H 1.8 ± 0.3† 1.8 ± 0.2† 1.6 ± 0.2† 1.6 ± 0.2† 1.4 ± 0.1† 1.5 ± 0.2† 1.6 ± 0.1† 1.7 ± 0.2† 1.6 ± 0.2† 1.6 ± 0.2† 

DO2 N 208 ± 23 166 ± 23 193 ± 8 208 ± 28 179 ± 18 189 ± 24 176 ± 25 191 ± 21 186 ± 12 228 ± 19 
µmol/min H 122 ± 24* 71 ± 15* 63 ± 22† 59 ± 23† 41 ± 21† 40 ± 15† 104 ± 21* 98 ± 15† 91 ± 16† 99 ± 6* 

BD N -2.9 ± 0.6 -1.5 ± 0.8 2.3 ± 1.1 3.4 ± 1.3 3.1 ± 1.1 2.5 ± 1.4 -1.0 ± 1.0 -1.6 ± 0.8 -4.2 ± 1.0 -2.2 ± 0.4 
mmol/L H -2.4 ± 0.7 -0.4 ± 0.9 9.9 ± 1.2† 13.7 ± 1.6† 15.2 ± 1.9† 14.5 ± 1.7† 12.8 ± 2.0† 10.2 ± 2.0† 2.3 ± 2.5* -5.2 ± 2.0 

Lactate N 1.0 ± 0.1 1.6 ± 0.4 3.1 ± 0.8 4.1 ± 1.2 4.5 ± 1.3 5.2 ± 1.6 4.5 ± 1.4 3.6 ± 1.1 1.6 ± 0.4 0.8 ± 0.1 
mmol/L H 2.5 ± 0.6 3.5 ± 0.6 8.8 ± 1.4* 10.2 ± 1.6* 10.5 ± 2.2 9.3 ± 2.2 10.6 ± 2.1 10.0 ± 1.7* 5.9 ± 1.6* 1.8 ± 0.4* 

Glucose N 1.0 ± 0.2 1.0 ± 0.3 1.4 ± 0.2 1.3 ± 0.2 1.4 ± 0.2 1.4 ± 0.3 1.4 ± 0.2 1.3 ± 0.2 1.2 ± 0.2 1.1 ± 0.2 
mmol/L H 0.7 ± 0.1 0.9 ± 0.2 1.3 ± 0.2 1.2 ± 0.1 1.1 ± 0.1 1.1 ± 0.2 1.0 ± 0.2 1.0 ± 0.2 1.0 ± 0.2 0.8 ± 0.1 

Data are mean ± SEM; between-group comparisons by Mann-Whitney U test. Fetal blood samples were taken before the experiment, every twelfth 
occlusion, and at 30 minutes, 60 minutes, 4 hours, and 24 hours after the occlusion series. PaCO2, fetal arterial pressure of carbon dioxide; PaO2, 
fetal arterial pressure of oxygen; CtO2, arterial oxygen content; DO2, cephalic oxygen delivery; BD, base deficit; Min, minutes. *P<0.05, †P<0.01. 
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3.5.2. MAP and CaBF during brief repeated occlusions 

Brief repeated umbilical cord occlusions were associated with a consistent systemic response 

marked by an initial rise in MAP, followed by a gradual fall as occlusion continued (Figure 

3.1). In both groups, the maximum MAP during occlusions rose above baseline values from 

the first occlusion onwards (P<0.05), with no further change over time between the first and 

final quarter (normoxic group: 67.9 ± 6.8 vs. 67.4 ± 5.1 mmHg, hypoxic group: 64.5 ± 7.3 

vs. 58.5 ± 13.7 mmHg; not significant (N.S.)). In the normoxic group, minimum MAP during 

occlusions also rose above baseline throughout the occlusion series (P<0.05), whereas, in 

the hypoxic group, minimum MAP rose briefly above baseline values during the first quarter 

(P<0.05 vs. baseline and normoxic group, Figure 3.2); and then fell progressively below 

baseline values with ongoing occlusions (P<0.05 vs. baseline for quarter 3 and 4, P<0.01 vs. 

normoxic group for all quarters), developing hypotension during the final quarter (24.1 ± 2.0 

vs. 51.3 ± 3.7 mmHg; P<0.01 vs. normoxic group, last occlusion). Between occlusions, MAP 

was maintained above baseline (P<0.05), with no difference between groups (N.S.). 

Brief repeated umbilical cord occlusions were associated with an initial increase in CaBF, 

followed by a gradual decline in blood flow as the occlusion continued (Figure 3.1). During 

occlusions, the maximum CaBF immediately increased above baseline values in both groups 

(P<0.05), and was significantly higher in the pre-hypoxic group (P<0.05; quarter 2, P<0.01; 

quarter 1, 3, and 4). There was no further change in the maximum CaBF within either group 

between the first and final quarter (normoxic group: 83.5 ± 21.1 vs. 85.6 ± 22.6 mL/min, 

hypoxic group: 81.7 ± 23.2 vs. 75.8 ± 21.0 mL/min; N.S.). However, whereas the minimum 

CaBF during occlusions was maintained around baseline values in the normoxic group, the 

minimum CaBF in the hypoxic group fell well below baseline values from the first occlusion 

onwards (P<0.05), and continued to decline throughout the occlusion series (P<0.01 vs. 

normoxic group, Figure 3.2), ultimately developing severe cerebral hypoperfusion (23.4 ± 
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7.0 vs. 61.9 ± 5.5 mL/min; P<0.01 vs. normoxic group, last occlusion). Between occlusions, 

the CaBF rapidly recovered to baseline values in both groups, but was lower in the hypoxic 

group during the last quarter (P<0.05 vs. normoxic group). Cephalic oxygen delivery (CaBF 

x CtO2) was lower in the hypoxic group at baseline and throughout the occlusion series than 

the normoxic group, and fell below baseline after the start of occlusions (P<0.01, Table 3.2). 

 

Figure 3.1. Time sequence of one second changes in mean arterial pressure (MAP, mmHg, 
top panel), carotid blood flow (CaBF, mL/min, middle panel), and EEG activity (EEG, dB, 
bottom panel) during one occlusion from the fourth quarter. The grey area indicates the one 
minute occlusion. Figure 3.1A represents a healthy normoxic fetus, responding with initial 
hypertension and cephalic hyperperfusion, which both progressively resolve with ongoing 
occlusion. Note the gradual suppression of EEG activity, reaching a nadir immediately after 
release of the occlusion, followed by rapid recovery to baseline values. Figure 3.1B 
represents a severely compromised fetus with pre-existing hypoxia, which also responds to 
occlusion with immediate, but short-lasting, hypertension and cephalic hyperperfusion, 
followed by progressively severe systemic hypotension and cephalic hypoperfusion. In 
addition, there is greater suppression of EEG activity that is superimposed on an already 
suppressed EEG background. The maximum MAP and CaBF at the beginning of each 
occlusion, and the minimum MAP and CaBF at the end of each occlusion were determined, 
as indicated by arrows. The nadir of EEG activity during or within 30 seconds after release 
of occlusion was determined, and the mean inter-occlusion values from the 2nd to the 5th 
minute were calculated for MAP, CaBF and EEG. 
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Figure 3.2. Changes in mean arterial pressure (MAP, mmHg, top panel), carotid blood flow 
(CaBF, mL/min, upper middle panel), impedance (Impedance, % of baseline, lower middle 
panel), and EEG power (EEG, dB, bottom panel) in normoxic (open symbols) and hypoxic 
(closed symbols) fetuses exposed to 1-min occlusions of the umbilical cord repeated every 
five min for four hours. MAP and CaBF are presented as the minimum during each occlusion 
(circles), and mean between occlusions (squares). Impedance is presented as the maximum 
(squares) during each occlusion. EEG activity is presented as the minimum (circles) during 
each occlusion, and mean (squares) between occlusions. The occlusion series is presented in 
four quarters (of nine occlusions each) with the baseline and recovery period presented in 30 
min averages. Data are mean ± SEM. *P<0.05 and **P<0.01 vs. normoxic group. 
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3.5.3. EEG activity and impedance during brief repeated occlusions 

In both groups, the onset of each occlusion was associated with a rapid suppression of EEG 

activity (P<0.05 vs. baseline), reaching its nadir immediately after release of each occlusion 

(e.g. see Figure 3.1). The magnitude of this EEG suppression was greater in the hypoxic 

group during the first quarter (P<0.05), but not significantly different between groups 

thereafter (Figure 3.2). Between occlusions, EEG activity rapidly recovered to baseline 

values in all fetuses of the normoxic group for the entire duration of the occlusion series. In 

contrast, in the hypoxic group EEG activity between occlusions fell below baseline values 

(P<0.05), and became progressively more suppressed than in normoxic fetuses with ongoing 

occlusions (P<0.01, Figure 3.2). Peak impedance during umbilical cord occlusions gradually 

increased over time (P<0.05 for both groups vs. baseline for quarters 2, 3, and 4), with no 

significant overall difference between groups (Figure 3.2). 

3.5.4. MAP, CaBF, impedance, and EEG activity during recovery from 
brief repeated occlusions 

MAP was maintained at baseline values during the first 24 hours following occlusions, and 

was not significantly different between groups (N.S., Figure 3.3). Similarly, CaBF was also 

maintained around baseline values, but was significantly higher in the hypoxic group during 

the first 12 hours after the occlusion series (P<0.05 vs. normoxic group, see Figure 3.3). 

Conversely, cephalic oxygen delivery during recovery remained significantly lower in the 

hypoxic group (P<0.01 vs. normoxic group, Table 3.2). Peak impedance was increased over 

baseline values in both groups for the 24 hour period of recovery (P<0.05), and was 

significantly higher in the hypoxic group during the first six hours of recovery (P<0.05 vs. 

normoxic group, Figure 3.3). Further, whereas EEG activity was maintained around baseline 

values in the normoxic group during the first 24 hours of recovery, there was an overall 
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greater suppression of EEG activity in the hypoxic group during the first 12 hours, and again 

between 19 to 24 hours of recovery (P<0.05 vs. normoxic group, Figure 3.3). 

 

Figure 3.3. Time sequence of hourly changes in mean arterial pressure (MAP, mmHg, top 
panel), carotid blood flow (CaBF, mL/min, upper middle panel), impedance (Impedance, % 
baseline, lower middle panel), and EEG activity (EEG, dB, bottom panel) in normoxic (open 
circles) and hypoxic (closed circles) fetuses from 6 hours before, until 24 hours after a series 
of one minute occlusions of the umbilical cord repeated every five minutes (occlusion period 
omitted). Data are mean ± SEM. *P<0.05 vs. normoxic group. 
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3.5.5. Seizures, seizure-like events, and sleep state cycling 

Stereotypic seizures were seen in 2 of 8 fetuses in the hypoxic group, during the second and 

third quarter of occlusions, and in 4 of 8 fetuses during the final quarter of occlusions. 

Seizures continued in 3 of 8 fetuses during the first day, and 2 of 8 fetuses on the second day 

of recovery respectively (Table 3.3). On average seizures developed 147.5 ± 44.7 minutes 

after the occlusions started, with a seizure burden after the start of seizures of 26 ± 6 seconds 

per inter-occlusion period. After the occlusion series, the average seizure burden was 15.1 ± 

3.4 minutes per hour over the first 6 hours of recovery. Subsequently fetuses showed a mean 

seizure burden of 15.3 ± 7.5 (from 7-12 h), 6.8 ± 3.5 (from 13-18 h), and 0.5 ± 0.5 (from 19-

24 h) minutes per hour. No seizures were observed in any fetus in the normoxic group. There 

was no significant difference in parameters during the baseline, last occlusion, or recovery 

period between fetuses that developed seizures and those that did not in the hypoxic group, 

although MAP, CaBF, and pH tended to be lower, while base deficit, lactate, impedance, 

and recovery of sleep cycling tended to be higher in fetuses with seizures (N.S.). Occlusions 

were discontinued early (at occlusion 34, 39, and 45) in three fetuses with seizures. 
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Table 3.3. Seizure and seizure-like events in the Normoxic (N; n = 7) and Hypoxic (H; n = 8) groups. 
  Baseline Quarter 1 Quarter 2 Quarter 3 Quarter 4 Day 1 Day 2 Day 3 Total 

Seizure  N 0 0 0 0 0 0 0 0 0 
Events H 0 0 10 (2) 9 (2) 16 (4)* 221 (3) 3 (2) 0 260 (4)* 

Seizure  N - - - - - - - - - 
Duration (sec) H - - 12.9 ± 2.1 17.3 ± 2.3 72.8 ± 40.8 174.5 ± 38.9 83.8 ± 33.8 - 83.3 ± 21.3 

Seizure  N - - - - - - - - - 
Amplitude (µV) H - - 152.9 ± 22.5 173.5 ± 14.3 257.4 ± 47.6 153.1 ± 34.1 110.6 ± 30.5 - 168.1 ± 8.9 

Seizure-like  N 0 0 0 0 0 16 (2) 19 (3) 13 (3) 48 (3) 
Events H 15 (6)† 26 (6)† 27 (4)* 32 (5)* 44 (6)† 67 (6) 2 (1) 0 244 (8)* 

Seizure-like  N - - - - - 53.6 ± 26.4 54.8 ± 22.3 28.6 ± 10.0 44.4 ± 15.8 
Duration (sec) H 121.1 ± 25.8 13.1 ± 1.2 16.7 ± 1.5 18.9 ± 4.0 15.5 ± 2.3 134.8 ± 54.7 805 ± 0.0 - 94.8 ± 35.3 

Seizure-like  N - - - - - 70.8 ± 22.2 82.5 ± 18.9 66.3 ± 15.1 75.0 ± 11.8 
Amplitude (µV) H 54.9 ± 4.7 133.9 ± 29.9 125.2 ± 39.3 126.3 ± 16.5 129.1 ± 29.2 70.5 ± 7.8 25.0 ± 0.0 - 96.5 ± 14.0 

Seizure and seizure-like events are presented as number of events per time period (number of affected fetuses), and total events during experiment 
(including all occlusions). Duration and amplitude data are presented as mean ± SEM; between-group comparisons by Mann Whitney-U test. 
*P<0.05, †P<0.01. Sec = seconds, µV = microvolt. 
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Seizure-like (epileptiform) events were seen in 8 of 8 fetuses in the hypoxic group during 

the baseline, occlusion period, and the first 2 days of recovery (Table 3.3). In contrast, 

seizure-like events were seen only in 3 of 7 fetuses in the normoxic group during the first 3 

days of recovery, but not during the baseline or occlusion period. Examples of seizure-like 

events and stereotypic seizures are shown in Figure 3.4. Three fetuses in the normoxic group 

showed continued sleep state cycling despite occlusions. However, in all remaining fetuses, 

brief repeated occlusions were associated with rapid loss of sleep state cycling. After the 

occlusion series, sleep state cycling recovered in all but two animals from the hypoxic group 

(13 of 15 fetuses, Figure 3.5); recovery was significantly later in the hypoxic group (at a 

median of 9 vs. 0 hours after the final occlusion, P<0.01, Figure 3.6). 
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Figure 3.4. Examples of raw EEG recordings taken from individual fetuses with pre-existing, 
stable hypoxia. (A) Seizure-like events in the baseline period. (B) Seizure-like events during 
recovery. (C) Stereotypic seizures in the inter-occlusion period. (D) Stereographic seizures 
during recovery, after the occlusion series. Note the greater amplitude and the characteristic 
evolving pattern of the stereographic delayed seizures compared with the much lower and 
more uniform spike amplitude of the seizure-like events.  
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Figure 3.5. Examples of 1-min EEG recordings from two fetuses. (A) Shows the alternating 
pattern of sleep state cycling that returned in this normoxic fetus within 6 h after occlusions. 
(B) Shows absence of sleep state cycling at 12 h after occlusions in a pre-hypoxic fetus. 

 

Figure 3.6. Scatter plot showing time in hours that sleep state cycling returned in normoxic 
(open symbols) and fetuses with spontaneous antenatal hypoxia (closed symbols) after the 
last occlusion. Horizontal bar indicates the median; **P<0.01 vs. normoxic group.  
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3.6. Discussion 

The present study demonstrates that compared with fetuses with normal blood gases before 

occlusions, fetal sheep with spontaneous antenatal hypoxia have evidence of severe neural 

compromise during brief repeated umbilical cord occlusions repeated at a rate consistent 

with early labor. Pre-existing hypoxia was associated with development of severe metabolic 

acidosis, greater fall in arterial blood pressure and carotid blood flow during occlusions, with 

reduced DO2, profound EEG suppression during and between occlusions, and early-onset of 

evolving stereographic seizures between and after occlusions in a subset of fetuses.  

The specific mechanisms of progressive hypotension during repeated occlusions in fetuses 

with spontaneous antenatal hypoxia are likely to be multifactorial. Given that the ability of 

the fetus to survive prolonged asphyxia is closely linked to levels of cardiac glycogen [654], 

and fetal growth restriction is associated with reduced cardiac glycogen [691], it is likely 

that more rapid depletion of cardiac glycogen in the pre-existing hypoxia group was a major 

contributor to hypotension. Evolving myocardial injury and worsening fetal acidosis may 

have been additional factors, particularly in the later stages of the repeated occlusions [300]. 

In the present study, each (1-minute long) umbilical cord occlusion was associated with an 

initial, transient increase in carotid blood flow during the occlusion series in both groups. 

This is consistent with the well-recognized redistribution of blood flow to ‘central’ organs 

during hypoxia [341; 47; 264; 748], and is known to be facilitated in part by nitric oxide 

[282]. In fetuses with chronic hypoxia this initial increase was followed by a marked fall in 

carotid blood flow well below baseline values even during the early period of hypertension, 

suggesting an actively mediated increase in carotid vascular resistance [63]. Previous studies 

have shown a comparable cerebrovascular response to umbilical cord occlusion and common 
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uterine artery compression (flow reductions below 25% of baseline) in healthy near-term 

fetal sheep, with a moderate fall in carotid blood flow despite initial hypertension [792; 63].  

Perinatal neural injury after severe hypoxia/asphyxia is strongly associated with hypotension 

and impaired cerebral perfusion, as reviewed [292]. Consistent with this, in the present study, 

pre-existing hypoxia was associated with reduced cephalic oxygen delivery compared with 

the normoxic controls, and related to a reduced blood oxygen content. In the baseline period, 

this was partially compensated for by an increased carotid blood flow. During the occlusion 

series, oxygen delivery fell further in the pre-existing hypoxia group but not the normoxic 

controls. The development of hypotension over time in the pre-existing hypoxia group was 

closely followed by a further parallel fall in carotid blood flow and cephalic oxygen delivery. 

This is consistent with earlier findings in near-term fetal lambs that the relationship between 

cerebral blood flow and arterial pressure is linear between approx. 18-45 mmHg, and that 

resting blood pressure is close to the lower end of the autoregulatory range [554; 689].  

This impairment of oxygen delivery in fetuses with pre-existing hypoxia was associated with 

greater EEG suppression during the occlusion series. The initial rapid-onset suppression of 

EEG activity during severe asphyxia or ischemia is a widely recognized, actively mediated, 

hypometabolic response in multiple settings, including fetal sheep [333; 64], fetal llama 

[203], and adult rats [337], that helps delay neural depolarization and reduce neuronal injury 

[333]. This response has been attributed to greater extracellular release of multiple inhibitory 

neuromodulators including adenosine [754; 333; 337], noradrenergic alpha-receptor activity 

[505], gamma-aminobutyric acid (GABA) [552], and various inhibitory neurosteroids such 

as allopregnanolone [520; 794]. Critically, our research findings suggest that this immediate 

neuroprotective response continues during four hours of brief labor-like occlusions, even 

during severe systemic compromise in spontaneously hypoxic fetal sheep. Our observations 

are consistent with previous studies in healthy fetal sheep that found a rapid profound but 
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reversible suppression of EEG activity within 90 seconds from the start of each occlusion 

(4-min occlusions repeated every 90 minutes for 6 hours, or 90 second occlusions repeated 

every 30 minutes for 3 to 5 hours), even though superior sagittal sinus blood flow or arterial 

blood pressure never fell below baseline values [381; 375].  

EEG activity between occlusions in our spontaneously hypoxic group became increasingly 

suppressed as occlusions continued. During prolonged umbilical cord occlusion the initial 

period of active EEG suppression, which can be reversed by blockade of the adenosine A1 

receptor [333], is followed after some minutes by anoxic depolarization. Thus, it is plausible 

that in the present study, the increase in EEG suppression over time reflected developing 

anoxic depolarization. This is consistent with a previous report that pre-existing hypoxia in 

near-term sheep fetuses subjected to four 5-minute occlusions, 30 min apart, was associated 

with enhanced depression of electrocortical activity during and after occlusions, and greater 

striatal neural injury [577]. Supporting the concept of evolving neural depolarization, in the 

present study both groups showed a progressive, albeit small, increase in cytotoxic edema, 

as measured by impedance, that tended to be greater in the pre-existing hypoxia group.  

Alternatively, it is possible that pre-existing fetal hypoxia may have been associated with a 

greater increase in inhibitory neuromodulators during repeated umbilical cord occlusions. 

Extracellular adenosine levels are substantially up-regulated in response to even infrequent 

repeated umbilical cord occlusions [754], and basal plasma adenosine concentrations are 

increased in the small-for-gestational-age human fetus, in proportion to lower umbilical 

venous PaO2 and pH [798]. Adenosine is quickly broken down by adenosine deaminase and 

the hypoxia induced release of adenosine rapidly returns to baseline during post-insult re-

oxygenation [81]. Nevertheless, other potent inhibitory neuromodulators such as GABA and 

allopregnanolone remain elevated for hours after cerebral ischemia or occlusion [693; 520].  
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Stereotypic seizures were observed in the present study between occlusions and during the 

recovery period in four fetuses with pre-existing hypoxia, but never in the normoxic group. 

Shorter, seizure-like events were also seen in the pre-hypoxic group during and after the 

occlusion series, but only during the recovery period in the normoxic group. The fetuses with 

early onset seizures appeared to have somewhat worse blood composition and physiological 

parameters, however, this needs to be confirmed in a larger cohort.  Although the pathologic 

significance of seizure-like events remains unclear at present, clinically, the presence of 

seizures in term neonates with HIE is highly associated with poor neurologic outcome [115; 

482]. Further, the spontaneously hypoxic group developed prolonged suppression of EEG 

activity for up to 12 hours after the occlusions, with delayed recovery of cortical impedance 

for at least 6 h, suggesting that cellular membrane function was more severely compromised. 

Suppression of EEG amplitude and delayed recovery of sleep wake cycling in neonates with 

mild to moderate HIE are strongly associated with adverse outcome [495].  

A limitation of the current study is that histology could not be performed because of the high 

mortality in the group with pre-existing hypoxia. Previous studies have demonstrated mild 

to moderate selective neural injury from repeated occlusions in healthy near-term fetal sheep 

[453; 174], albeit after more prolonged or more frequent episodes of repeated asphyxia than 

in the present study. Both the duration to EEG recovery and number of seizures were related 

to severity of neuronal loss [453]. Further, de Haan et al found that fetuses that developed 

cortical focal infarction from brief repeated occlusions exhibited more aberrant EEG activity 

[174], and required a much longer period to return to sleep state cycling than fetuses with 

only selective neural loss, even though cortical impedance was not significantly different. 

This is in agreement with our findings of early onset of seizures and delayed recovery of 

sleep state cycling in fetuses with pre-existing hypoxia compared with normoxic fetuses. 
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This study examined the effects of spontaneous antenatal hypoxia in near-term fetal sheep, 

similarly to Gardner et al [249]. The limitation of this approach is that it is not possible to 

determine precisely when fetal chronic hypoxia began. Potentially, for example, it could be 

a consequence of surgery, although no complications were evident at post-mortem. The pre-

existing hypoxia group were lighter, even excluding the fetus from a triplet pregnancy, and 

had a mild but significant basal acidosis with hypercarbia and elevated lactate levels 

consistent with significant chronic placental impairment, as reported in clinical studies [521; 

556; 670]. Although nearly all the fetuses with pre-existing hypoxia were from multiple 

pregnancies (7/8), this was not significantly different from the normoxic group (4/8). This 

combination of findings in our hypoxic group suggests longstanding growth restriction 

related to chronic ‘physiological’ placental dysfunction, consistent with strong clinical 

evidence that growth restriction is associated with both chronic antenatal hypoxia and a 

higher risk of death and abnormal neurodevelopmental outcomes [521; 15].  

It is interesting to contrast the present study with previous reports that exposure to non-

injurious hypoxia or ischemia can protect (“pre-condition”) against subsequent more severe 

insults [622]. This likely reflects two key differences. First, protection associated with 

preconditioning is highly time dependent. Typically protection is maximal after 3 to 7 days, 

and then attenuates [622]. Thus, in the context of long-standing antenatal hypoxia we would 

predict little or no neural protection. Second, in the current study, spontaneous hypoxia was 

ongoing, and associated with cerebrovascular compromise during the subsequent period of 

repeated brief asphyxia. This is in contrast with the typical strategy of brief exposure to the 

conditioning period of hypoxia well before the main insult, in studies of pre-conditioning. 

Thus, it may be that even if there was a putative ‘protective’ effect in the present study, it 

may have been masked by greater severity of cardiovascular compromise. 
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In summary, the present study shows that pre-existing stable hypoxia leads to exacerbation 

of cephalic hypoperfusion during brief repeated umbilical cord occlusions, with increased 

suppression of EEG activity between repeated occlusions in near-term fetal sheep. The rapid 

suppression of EEG activity during each cord occlusion remained intact despite pre-existing 

hypoxia, however, the early onset of seizures and seizure-like events between occlusions in 

a subset of fetuses, and reduced recovery of EEG activity and cortical edema after the end 

of occlusions, strongly indicates greater vulnerability to neural injury during early labor-like 

asphyxia in fetuses with spontaneous, pre-existing hypoxia. 
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4.1. Preface 

ST waveform analysis of the fetal electrocardiogram can help detect perinatal asphyxia, but 

a key clinical issue is whether such hypoxic fetuses can be identified before compromise 

develops. Experimentally at least, hypoxic-ischemic brain injury is broadly associated with 

the severity of hypotension and cerebral hypoperfusion, but immature animals are well-

known to have a much greater capacity to maintain systemic blood pressure during severe 

asphyxia, while cerebral autoregulation appears relatively underdeveloped. In this study, I 

assessed the maturational relationship between ST waveform response and the development 

of hypotension and cerebral hypoperfusion during fetal asphyxia. This chapter was published 

as a manuscript in Obstetrics and Gynecology International (DOI: 10.1155/2014/314159). 
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4.2. Abstract 

T/QRS ratio monitoring is used to help identify fetal asphyxia. However, immature animals 

have greater capacity to maintain arterial blood pressure during severe asphyxia, raising the 

possibility that they may show an attenuated T/QRS increase during asphyxia. Chronically 

instrumented fetal sheep at 0.6 of gestation (0.6GA; n = 12), 0.7GA (n = 12) and 0.8GA (n 

= 8) underwent complete umbilical cord occlusion for either 30 min, 25 min, or 15 min 

respectively. Cord occlusion was associated with progressive metabolic acidosis and initial 

hypertension followed by severe hypotension, with a more rapid fall in mean arterial blood 

pressure (MAP) and carotid blood flow (CaBF) with advancing gestation. T/QRS ratio rose 

after occlusion more rapidly at 0.8GA than in immature fetuses, to a similar final peak at all 

ages, followed by a progressive fall that was slower at 0.8GA than in the immature fetuses. 

The increase in T/QRS ratio correlated with hypertension at 0.8GA (P<0.05, R2 = 0.38), and 

conversely, its fall correlated closely with falling MAP in all gestational groups (P<0.01, R2 

= 0.67). In conclusion, elevation of the T/QRS ratio is an index of onset of severe asphyxia 

in the last third of gestation, but not of fetal compromise. 
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4.3. Introduction 

Brain injury from perinatal asphyxia remains a significant cause of mortality and long-term 

morbidity in newborn infants [415; 455]. Experimentally at least, development of hypoxic-

ischemic neuronal damage is broadly associated with the degree and duration of exposure to 

systemic hypotension and cerebral hypoperfusion [301; 452; 174; 244]. Previous evidence 

suggest that cerebrovascular autoregulation is relatively immature in fetal sheep at 0.6 and 

0.7 gestational age [689; 317], with cerebral blood flow falling in parallel with development 

of hypotension [68]. Although cerebral autoregulatory capacity increases with maturation 

[492], even in 118-122 day old fetal lambs resting blood pressure is close to the lower limits 

of the autoregulatory range [554]. Further, isolated hypercarbia can impair regional cerebral 

autoregulation in healthy, normotensive newborn piglets [682]. Conversely, we have shown 

that the immature fetus at 0.6 and 0.7 GA can maintain its blood pressure for longer during 

prolonged asphyxia than at 0.8GA [748], suggesting later impairment of cerebral perfusion 

in immature fetuses. Collectively, these data indicate a critical maturation dependent neural 

vulnerability of the developing fetus to hypotension during asphyxia, but the quantitative 

relationship between hypotension and cerebral perfusion from 0.6 to 0.8 GA is unclear.  

Bedside clinical surveillance with electronic fetal monitoring would ideally be able to readily 

identify those infants that are at risk of developing hypotension. ST segment augmentation 

of the fetal electrocardiogram, measured relative to the QRS complex to correct for changes 

in signal gain (the T/QRS ratio, as illustrated in Figure 4.1), is a well-established marker for 

the presence of fetal asphyxia in both clinical and experimental studies [283; 605; 761; 771]. 

Increased T/QRS ratio is believed to reflect anaerobic cardiac metabolism with consumption 

of myocardial glycogen reserves [323]. For example, the rate of myocardial glycogenolysis 

during graded hypoxia, with a depletion of glycogen and ATP, was directly associated with 

the degree and rate of ST segment elevation in acutely exteriorized fetal lambs [608; 323].  
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These studies typically involved relatively moderate asphyxia. During severe hypoxia in full 

term fetal lambs leading to a progressive fall in arterial pressure, brief maximal augmentation 

of the ST segment was followed by a fall in amplitude that correlated with the severity of 

metabolic acidosis [608]. This is consistent with studies in fetal sheep at 91-94 and 123-129 

days gestation that demonstrated a brisk transient rise in the T/QRS ratio, associated with 

initial hypertension during umbilical cord occlusion, and a gradual reduction in T/QRS ratio 

as fetal hypotension and metabolic acidosis progressively worsened [758; 771]. 

 

Figure 4.1. Examples of the electrocardiogram (ECG) complex taken from a 0.7 gestation 
fetus. (a) A representative fetal ECG complex with identification of the ST segment, T wave 
amplitude and QRS amplitude. The T/QRS ratio is calculated for each complex by division 
of the T wave amplitude by the QRS amplitude, hence correcting for changes in signal gain 
from the electrode placement and fetal movement. (b) The ECG complex during the baseline 
period. (c) Characteristic ST segment elevation early during the occlusion when the fetus is 
compensating well. (d) Gradual reduction in ST segment elevation concordant with a fall in 
T/QRS ratio as the fetus starts to compromise from prolonged asphyxia. (e) Progressive T-
wave inversion immediately after prolonged severe asphyxia. 
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The capacity of the immature fetus to maintain its systemic pressure more effectively during 

asphyxia has been attributed to factors such as greater anaerobic capacity, much lower basal 

metabolic activity, and greater cardiac glycogen stores, which are known to be highest at 

mid-gestation [171; 654; 198]. Notably, circulating catecholamines which augment cardiac 

contractility and peripheral vasoconstriction [607] increase towards term gestation. There is 

evidence that this β-adrenoreceptor stimulation contributes to increased T/QRS ratio [324]. 

Taken together, these findings suggest the hypothesis that maturational differences in blood 

pressure response during acute prolonged asphyxia may be reflected in the T/QRS ratio. The 

T/QRS ratio alone, however, may not reliably identify the onset of hypotension during severe 

asphyxia in fetal sheep [175; 763; 771]. Alternatively, changes in shape of ECG waveforms 

such as biphasic ST waveforms and inverted T-waves were suggested to be more reliable 

markers of cardiac metabolic compromise [763]. For example, ST segment depression with 

inverted T-waves was observed in growth-retarded guinea pigs during maternally induced 

hypoxia, whereas their normally grown littermates showed ST elevation [773]. Similarly, 

appearance of biphasic ST waveforms and inverted T-waves was associated with the onset 

of severe decompensation during repeated brief occlusions in near-term fetal sheep [763]. 

Thus, in the present study we sought to examine the quantitative relationship between arterial 

blood pressure and cephalic blood flow during prolonged umbilical cord occlusion in fetal 

sheep at 0.6, 0.7 and 0.8GA. In addition, we assessed whether better maintenance of arterial 

blood pressure in immature fetuses (at 0.6 and 0.7GA) was reflected by differences in T/QRS 

ratio or waveform shape. These gestational ages are broadly equivalent to neural maturation 

of the human fetus at 26-28, 28-32 and 40 weeks gestation, respectively [468]. 
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4.4. Materials and Methods 

4.4.1. Surgical preparation and post-operative care 

All animal procedures were approved by the Animal Ethics Committee of The University of 

Auckland, New Zealand. Under general anesthesia, Romney/Suffolk singleton fetal sheep 

were instrumented at 86-89 days of gestation (0.6GA; term = 147 days), 98-99 days (0.7GA), 

or 117-122 days (0.8GA) using sterile techniques as previously described [748]. We have 

previously reported changes in fetal heart rate, MAP, femoral blood flow, femoral vascular 

conductance, and blood gas parameters in a subset of these animals [748]. 

Food, but not water was withdrawn 18 hours before the surgery. Ewes were given 5 mL of 

Streptopen (procaine penicillin (250,000 IU/mL) and dihydrostreptomycin (250 mg/mL), 

Pitman-Moore, Wellington, New Zealand) intramuscularly for prophylaxis 30 minutes prior 

to the start of the surgery. Anesthesia was induced by i.v. injection of Alfaxan (alphaxalone, 

3 mg/kg, Schering-Plough Animal Health Ltd, Wellington, New Zealand), and the general 

anesthesia was maintained using 2-3% isoflurane in O2. The depth of maternal anesthesia, 

heart rate and respiration were monitored constantly by trained anesthetic staff, and the ewes 

received a constant infusion of isotonic saline to maintain fluid balance. 

Following a maternal midline abdominal incision and exteriorization of the fetus, polyvinyl 

catheters were placed in the left and right brachial artery and vein to measure MAP and to 

obtain fetal arterial blood samples respectively. An amniotic catheter was secured to the fetal 

shoulder. An ultrasound blood flow probe (probe type 3S, Transonic Systems Inc.) was 

placed around the left carotid artery to measure CaBF as an index of global cephalic blood 

flow [720; 157]. A stainless steel electrode (Cooner Wire Company) was placed across the 

fetal chest to measure the fetal ECG, and an inflatable silicone occluder was placed around 

the umbilical cord of all fetuses (In Vivo Metric). All fetal leads were exteriorized through 
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the maternal flank and a maternal long saphenous vein was catheterized to provide access 

for post-operative care and euthanasia. Antibiotics (80 mg Gentamicin, Pharmacia and 

Upjohn, Rydalmere, New South Wales, Australia) were administered into the amniotic sac 

prior to closure of the uterus. Amniotic fluid lost during surgery was replaced with normal 

saline warmed to 37°C. The maternal wall was repaired and the skin incision infiltrated with 

a local analgesic, 10 mL 0.5% bupivacaine plus adrenaline (AstraZeneca Ltd.).  

Post-operatively, ewes were housed together in individual metabolic cages with access to 

water and concentrate pellet feed (Country Harvest Stockfeed) ad libitum in a temperature-

controlled housing facility (16 ± 1°C, humidity 50 ± 10%) on a 12 hour light-dark cycle. 

Antibiotics were given daily for five days after surgery and administered i.v. to the ewe (600 

mg benzylpenicillin sodium, Novartis Ltd., 80 mg Gentamicin). Catheters were maintained 

patent by continuous infusion of heparinized saline (10 IU/mL at 0.2 mL/h at 0.6GA, and 20 

IU/mL at 0.2 mL/h at 0.7 and 0.8GA) and the maternal catheter was flushed on a daily basis. 

4.4.2. Data acquisition 

Fetal MAP (Novatrans II, MX860, Medex Inc.), corrected for maternal movement by 

subtraction of amniotic pressure, CaBF, and ECG were recorded continuously throughout 

the experiment. The blood pressure signals were collected at 64 Hz and low-pass filtered at 

30 Hz. The fetal ECG was analog filtered between 0.05 and 80 Hz and digitized at 512 Hz. 

All experimental data were collected using customized acquisition software (Labview for 

Windows, National Instruments Corp.) for off-line analysis.  
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4.4.3. Experimental design  

Experiments were conducted 4 to 5 days after surgery, at 91 ± 1 days gestation (0.6GA, n = 

12), 104 ± 1 days (0.7GA, n = 12) or 125 ± 1 days (0.8GA, n = 8). Fetal asphyxia was 

induced by rapid inflation of the umbilical occluder with sterile saline of a predefined 

volume known to totally compress the umbilical cord, as determined in pilot experiments 

with an ultrasound blood flow probe placed around an umbilical vein [67]. The duration of 

occlusion was chosen to represent an acute, near-terminal insult for each age, and established 

at 30 min at 0.6GA [67; 532], 25 min at 0.7GA [759; 64] and 15 min at 0.8GA [707; 771]. 

Adrenaline (0.1 mL/kg estimated fetal weight, 1:10,000 IU adrenaline, Health Support Ltd., 

Auckland, New Zealand) was given i.v. to the fetus if bradycardia persisted for more than 

60 seconds after release of occlusion. 

Fetal blood composition analysis (Ciba-Corning diagnostics 845 blood gas analyzer and co-

oximeter) and measurements of glucose and lactate levels (YSI model 2300, YSI Ltd.) were 

performed 60 min prior to occlusion (baseline), during the occlusion (0.6GA at 5 and 25 

min, 0.7GA at 5 and 20 minutes, 0.8GA at 2 and 12 minutes), and 60 min after the occlusion 

(recovery). After the experiment, the ewes and fetuses were euthanized by an i.v. overdose 

of pentobarbitone sodium to the ewe (9g, Pentobarb 300; Chemstock International). Fetuses 

were then removed by hysterectomy and weighed. 

4.4.4. Data analysis and statistical procedures 

Off-line analysis of the physiological data was performed using custom analysis programs 

(Labview for Windows, National Instruments). 5-minute (baseline period), 5-sec and 1-min 

averages of T/QRS ratio, FHR, MAP, and CaBF were calculated for each fetus respectively. 

The 5-sec averaged data were used to assess detailed changes in fetal hemodynamics during 

the first 10 min of umbilical cord occlusion while the 1-minute data were used to assess the 
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remaining occlusion time points. The baseline period was calculated as the mean of one hour 

before occlusion. Because of large differences in absolute values for the T/QRS ratio, FHR, 

MAP, and CaBF variables with advancing gestation, parameters were converted to percent 

changes from baseline, with exception of T/QRS ratio which was normalized to baseline. 

The electrocardiogram waveform (derived from the fetal ECG) was averaged with respect 

to the S wave over 5-sec intervals. For each averaged waveform, the ratio between the T-

wave height (measured from the level of the PQ interval) and the total QRS amplitude was 

calculated (T/QRS ratio, Figure 4.1). Visual assessment of these waveforms was performed 

by a blinded observer to confirm correct software identification of the T wave and to identify 

the presence of any ST waveform anomalies, such as biphasic ST waveforms or negative T-

waves. Two fetuses in the 0.6 and 0.7 gestation group were not included in these analyses 

because of poor signal quality. 

The effects of gestation and occlusion on physiological and blood composition data were 

assessed by ANOVA (SPSS v16, SPSS Inc.). Changes over time were treated as a repeated 

measure. Where statistical significance was detected, post-hoc comparisons were performed 

with univariate analysis and Fisher’s Least Significant Difference (LSD) test, or Dunnett’s 

test when compared to baseline. The within-subject relationship between MAP, CaBF and 

T/QRS ratio for selected occlusion periods (1-min data) was determined by regression 

analysis using the methodology of Bland and Altman [79]. Statistical significance was 

accepted when P<0.05. Data are ± SEM. 
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4.5. Results 

The baseline T/QRS ratio, FHR, MAP, and CaBF are shown in Table 4.1. Briefly, baseline 

T/QRS ratio and FHR was significantly lower at 0.8GA, while MAP and CaBF increased 

significantly with advancing gestation. Fetal weight (0.6GA; 1283 ± 155 g, 0.7GA; 1623 ± 

126 g, 0.8GA; 3329 ± 170 g) was greatest at 0.8GA (P<0.05 vs. 0.6GA and 0.7GA). Two 

fetuses in the 0.6GA group and one fetus in the 0.7GA group had their occlusions released 

early (at 23 and 25 minutes, and 20 minutes, respectively) following acute heart block. Four 

of 8 fetuses in the 0.8GA group died from terminal cardiac failure within 4 hours after release 

of the umbilical cord occlusion, and two additional fetuses died within 24 hours. All fetuses 

from the 0.6 and 0.7GA groups survived after umbilical cord occlusion. 

Table 4.1. Baseline physiological data. 

Group Weight (g) T/QRS 
ratio FHR (bpm) MAP (mmHg) CaBF 

(mL/min) 

0.6GA 1283 ± 155† 0.03 ± 0.0† 189.5 ± 3.4† 35.5 ± 0.7*† 11.0 ± 1.5*† 

0.7GA 1623 ± 126‡ 0.04 ± 0.0‡ 191.3 ± 4.0‡ 37.3 ± 0.5‡ 42.2 ± 3.8‡ 

0.8GA 3329 ± 170 -0.11 ± 0.0 171.7 ± 5.5 43.6 ± 0.6 59.1 ± 7.5 

GA, gestation; FHR, fetal heart rate; MAP, mean arterial pressure; CaBF, carotid blood flow. 
Baseline values represent averaged data of one hour before occlusion. Data are mean ± SEM; 
between group comparisons by one-way ANOVA and LSD test. *P<0.05; 0.6GA vs. 0.7GA, 
†P<0.05; 0.6GA vs. 0.8GA, ‡P<0.05; 0.7GA vs. 0.8GA. 
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4.5.1. Blood composition analysis 

Before the experiment, all fetuses had normal blood gases, pH, lactate and glucose values 

for their age (Table 4.2) according to the standards of our laboratory. Complete prolonged 

occlusion of the umbilical cord resulted in profound hypoxia and development of severe 

mixed metabolic and respiratory acidosis in each fetus, with values more severe in the 

younger fetuses than at term, reflecting the longer durations of occlusion. Plasma lactate 

levels during the immediate recovery period were highest at 0.8GA. 

Table 4.2. Blood composition parameters. 

 Group Baseline Occl. Time 1 Occl. Time 2 Recovery 

pH 0.6GA 7.39 ± 0.0 7.06 ± 0.0† 6.76 ± 0.0† 7.36 ± 0.0* 

 0.7GA 7.38 ± 0.0 7.05 ± 0.0† 6.82 ± 0.0† 7.31 ± 0.0† 

 0.8GA 7.36 ± 0.0 7.21 ± 0.0† 6.94 ± 0.0† 7.18 ± 0.1† 

PaO2 0.6GA 25.1 ± 0.6 7.1 ± 1.0† 8.4 ± 0.9† 26.1 ± 0.9 

mmHg 0.7GA 22.3 ± 0.9 6.0 ± 0.7† 7.0 ± 0.6† 29.6 ± 2.4† 

 0.8GA 19.6 ± 1.6 5.4 ± 0.9† 8.3 ± 0.9† 23.0 ± 3.2 

PaCO2 0.6GA 44.5 ± 0.8 90.5 ± 3.8† 159.5 ± 3.3† 42.8 ± 0.8 

mmHg 0.7GA 47.7 ± 1.3 96.6 ± 3.6† 150.8 ± 7.1† 43.4 ± 1.0 

 0.8GA 45.7 ± 2.4 71.1 ± 4.0† 114.7 ± 2.6† 49.9 ± 1.2 

Lactate 0.6GA 1.0 ± 0.3 4.5 ± 0.4† 7.4 ± 0.5† 3.0 ± 0.3† 

mmol/L 0.7GA 0.7 ± 0.0 3.8 ± 0.2† 7.3 ± 0.2† 4.9 ± 0.3† 

 0.8GA 1.0 ± 0.3 2.5 ± 0.4 5.5 ± 0.2† 6.4 ± 1.6† 

Glucose 0.6GA 1.1 ± 0.1 0.4 ± 0.1† 0.4 ± 0.1† 1.3 ± 0.1 

mmol/L 0.7GA 0.9 ± 0.0 0.3 ± 0.0† 0.6 ± 0.1† 1.6 ± 0.1† 

 0.8GA 0.7 ± 0.1 0.3 ± 0.1 1.0 ± 0.1 1.5 ± 0.3† 

Blood samples were taken 60 min before asphyxia (baseline), during the occlusion period 
(0.6GA; 5 and 25 min, 0.7GA; 5 and 20 min, 0.8GA; 2 and 12 min), and 60 minutes after 
asphyxia (recovery). PaO2, fetal arterial pressure of oxygen; PaCO2, fetal arterial pressure 
of carbon dioxide. Data are mean ± SEM; comparisons to baseline by one-way ANOVA and 
Dunnett test. *P<0.05 vs. baseline; †P<0.01 vs. baseline. 
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4.5.2. Fetal heart rate, mean arterial pressure and CaBF 

Umbilical cord occlusion was associated with a rapid initial fall in FHR from baseline in all 

gestational groups by 61.2 ± 1.5 % within the first minute; the relative magnitude of this fall 

was not different between groups (N.S.). With the exception of a transient increase in FHR 

at 2 min, and again between 4 and 9 minutes of occlusion at 0.8GA (P<0.05 vs. 0.6GA and 

0.7GA, Figure 4.2), FHR showed a consistent and linear fall throughout the occlusion in all 

groups. The FHR nadir at the end of occlusion (relative nadir, 0.6GA; 27.6 ± 1.8 %, 0.7GA; 

30.7 ± 1.6 %, 0.8GA; 46.7 ± 3.8 %, and absolute nadir, 0.6GA; 52.1 ± 3.0 bpm, 0.7GA; 58.5 

± 3.5 bpm, 0.8GA; 80.0 ± 6.6 bpm) was significantly lower in the younger groups (P<0.01, 

0.6GA and 0.7GA vs. 0.8GA, Figure 4.2). The immature groups (0.6GA and 0.7GA) showed 

immediate recovery of FHR (and MAP) after release of the occlusion, whereas 6 of 8 0.8GA 

fetuses required adrenaline for cardiac resuscitation. 

Occlusion was associated with a rapid rise in MAP, to a peak after 1.9 ± 0.1 min (N.S. 

between groups). The magnitude of hypertension increased proportionally towards near-

term gestation (relative increase in MAP, 0.6GA; 144.4 ± 2.8 %, 0.7GA; 165.1 ± 2.7 %, 

0.8GA; 189.5 ± 1.5 %, absolute increase in MAP, 0.6GA; 51.7 ± 1.3 mmHg, 0.7GA; 61.0 ± 

1.3 mmHg, 0.8GA; 82.6 ± 1.2 mmHg; P<0.01, 0.6GA vs. 0.7GA vs. 0.8GA, Figure 4.2). 

MAP then declined progressively over time, falling below baseline from 7.7 ± 0.3 minutes 

onwards (N.S. between groups). Ultimately, severe systemic hypotension developed in all 

gestational groups. The rate of fall in MAP during the occlusion increased substantially with 

advancing gestational age, with a proportionately lower MAP at 0.8GA than 0.6GA from 8 

minutes onwards (P<0.05), and lower than 0.7GA at 15 minutes of occlusion (P<0.05). 

Consequently, MAP was also significantly lower at 0.7GA from 10 minutes of occlusion 

onwards (P<0.05 vs. 0.6GA, Figure 4.2). The relative and absolute nadir of MAP at the end 

of occlusion was 29.5 ± 1.7 % and 11.2 ± 0.7 mmHg (N.S. between groups).  
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Occlusion was associated with a rapid but brief rise in CaBF followed by a temporary fall 

before recovering back to baseline values at all gestational ages. CaBF fell progressively 

below baseline values from 5.9 ± 0.7 min onwards (N.S. between groups). This pattern 

closely paralleled changes in MAP. The rate of fall in CaBF during occlusion increased 

considerably with advancing gestation, such that 0.8GA fetuses developed a significantly 

lower CaBF compared with the 0.6GA and 0.7GA groups from 6 and 7 min onwards, 

respectively (P<0.05 vs. 0.6GA and 0.7GA, Figure 4.2). There was a significant within-

subject correlation in all fetuses between the fall in MAP and the fall in CaBF (P<0.01, R2 

= 0.91, n = 28, Figure 4.3), from the minute MAP fell below baseline values until the end of 

occlusion. This relationship was not significantly affected by gestational age. The relative 

nadir of CaBF at the end of occlusion was 22.1 ± 2.5 % (N.S. between groups), while the 

absolute nadir was 2.4 ± 0.7 mL/min (0.6GA), 9.7 ± 2.1 mL/min (0.7GA), and 12.4 ± 3.2 

mL/min (0.8GA), respectively (P<0.05, 0.6GA vs. 0.7GA and 0.8GA). 
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Figure 4.2. Changes in fetal heart rate (FHR, % baseline), mean arterial pressure (MAP, % 
baseline), carotid blood flow (CaBF, % baseline), and T/QRS ratio in 0.6 gestation (0.6GA; 
□), 0.7 gestation (0.7GA; ●) and 0.8 gestation (0.8GA; ○) fetuses during prolonged umbilical 
cord occlusion. Data are 5-min averages before occlusion, 5-sec averages during the first 10 
minutes of occlusion, and 1-min averages for all other occlusion time points, expressed as a 
percentage of baseline. The period of umbilical cord occlusion for each group begins at 0 
min and ends at 15 min (0.8GA), 25 min (0.7GA), and 30 min (0.6GA) respectively. Data 
are mean ± SEM; between-group comparisons by repeated measures ANOVA and LSD test. 
*P<0.05; 0.6GA vs. 0.7GA, †P<0.05; 0.6GA vs. 0.8GA, ‡P<0.05; 0.7GA vs. 0.8GA. 
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Figure 4.3. The relationship between changes in mean arterial pressure (MAP, % baseline) 
and carotid blood flow (CaBF, % baseline) from the minute MAP fell below baseline until 
the end of cord occlusion in 0.6 gestation (0.6GA), 0.7 gestation (0.7GA), and 0.8 gestation 
(0.8GA) fetuses. Different symbols represent individual animals, while dotted lines indicate 
their regression relationship. All fetuses had a positive within-subjects relationship between 
MAP and cephalic perfusion during the development of hypotension (P<0.01, R2 = 0.91, n 
= 28). The predictor variable gestational age was not significant.  
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4.5.3. T/QRS ratio and ST waveform analysis 

All fetuses showed a rapid elevation of T/QRS ratio at the onset of occlusion, reaching a 

peak of 1.1 ± 0.2 at 3.7 ± 0.3 min (N.S. between groups). This rise was more rapid at 0.8GA, 

such that the T/QRS ratio was significantly higher compared with 0.6GA during the first and 

second minute (P<0.05, Figure 4.2), and greater than 0.7GA during the first min of occlusion 

(P<0.05, Figure 4.2). There was a significant within-subject correlation between the rise in 

T/QRS ratio and increase in MAP at 0.8GA, from the start of umbilical occlusion until the 

peak increase of T/QRS ratio (0.6GA; N.S., R2 = 0.19, n = 9, 0.7GA; N.S., R2 = 0.22, n = 8, 

0.8GA; P<0.05, R2 = 0.38, n = 8, Figure 4.4). As the occlusion continued, T/QRS ratio fell 

gradually at all gestational ages and in nearly all cases had resolved to baseline values by the 

end of occlusion. This fall was markedly slower at 0.8GA, so that T/QRS ratio was greater 

than 0.6GA between 9 and 11 min (P<0.05, Figure 4.2), and greater than 0.7GA between 8 

and 10 min (P<0.05, Figure 4.2). There was a significant within-subject correlation between 

gradual resolution of T/QRS ratio and the fall in MAP, from the peak T/QRS ratio until 15 

min of occlusion (P<0.01, R2 = 0.67, n = 27, Figure 4.4), with no significant effect of age. 

Five of 10 fetuses in each of the younger groups, and all animals in the 0.8GA group showed 

periods of T-wave inversion during the baseline period. None of these fetuses had their cord 

occlusion terminated early. Four (0.6GA) and 3 (0.8GA) fetuses responded to the onset of 

occlusion with a pronounced but brief period of marked T-wave inversion. Only one of these 

fetuses had not shown prior T-wave inversion during the baseline period. All fetuses rapidly 

developed upright T-wave elevation during the occlusion. T-wave height then gradually fell 

as occlusion continued, and the T-wave became inverted again in 14 fetuses (4 fetuses at 

0.6GA, 6 fetuses at 0.7GA, and 4 fetuses at 0.8GA). Of these, twelve (3 fetuses at 0.6GA, 5 

fetuses at 0.7GA, and 4 fetuses at 0.8GA) maintained this inverted T-wave profile during 

recovery. All fetuses that had their cord occlusion released early and all fetuses that received 
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adrenaline at 0.8GA for cardiac resuscitation showed prolonged periods of T-wave inversion 

during the recovery period. Other ST waveform shape changes such as biphasic waveforms 

or ST depression were not observed in any fetuses before, during, or after the occlusion. 

 

Figure 4.4. The relationship between changes in mean arterial pressure (MAP, % baseline) 
and T/QRS ratio in 0.6 gestation (0.6GA), 0.7 gestation (0.7GA), and 0.8 gestation (0.8GA) 
fetuses. Panel A shows the within-subject relationship changes from the start of occlusion 
until the peak T/QRS ratio; the period when most important fetal cardiovascular adaptations 
take place (0.6GA; N.S., n = 9, 0.7GA; N.S., n = 8, 0.8GA; P<0.05, R2 = 0.38, n = 8). Panel 
B shows the within-subject relationship changes from the peak T/QRS ratio until 15 minutes 
of occlusion; the period during which most of the fetal decompensation occurs (P<0.01, R2 
= 0.67, n = 27). There was no significant effect of the predictor variable gestational age. The 
different symbols represent individual animals, while dotted lines indicate the within-subject 
regression relationship. Seven of 25 fetuses did not have a positive relationship between the 
MAP and T/QRS ratio during the early phase of umbilical cord occlusion.  
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4.6. Discussion 

The present study confirms that umbilical occlusion resulted in a rapid increase in T/QRS 

ratio that coincided with initial hypertension and bradycardia at all gestational ages. This 

increase in T/QRS ratio was significantly faster at 0.8 gestation and associated with a relative 

greater increase in blood pressure at this age. The initial hypertension at the beginning of 

occlusion was associated with a brief increase in CaBF followed by maintenance around 

baseline values until approx. 6 minutes at all gestations. With ongoing occlusion, FHR, MAP 

and CaBF fell progressively and the T/QRS ratio began to fall towards baseline values.  

Severe hypotension and cephalic hypoperfusion during occlusion developed more rapidly 

towards term gestation than in immature fetuses, consistent with our previous findings [748]. 

From 8 min of occlusion onwards, the fall in MAP below baseline was strongly correlated 

with a concordant fall in CaBF at all gestational ages. The gradual fall in T/QRS ratio was 

much slower at 0.8GA, so that the T/QRS ratio was higher than in the younger groups after 

MAP fell below baseline values. There was a strong within-subject correlation between the 

early rise in T/QRS ratio and increase in MAP at 0.8GA, and overall, between the subsequent 

resolution of the T/QRS elevation and the progressive fall in MAP in the great majority of 

fetuses; this relationship was not affected by gestational age. Taken together, these findings 

suggest that the T/QRS ratio is a reliable index of fetal hypoxic stress early on during severe 

asphyxia at 0.8GA, although it was a poor predictor of subsequent failure of fetal adaptation.  

Severe acute insults, such as abruptio placentae and umbilical cord prolapse, are significant 

causes of perinatal morbidity [764]. Conceptually, there are two distinct phases to the 

cardiovascular responses of the fetus to acute asphyxia. An immediate chemoreflex response 

that triggers vagally-mediated bradycardia and peripheral vasoconstriction through alpha-

adrenergic efferents [264], which results in early hypertension that is further augmented by 
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the release of catecholamines from the adrenal medulla [143]. This is followed by a longer 

period of progressive hypoxic decompensation that is ultimately terminated by profound 

hypotension [35; 47; 264]. The chemoreflex response, which helps to reduce myocardial 

workload through centralization of blood flow to the heart, brain and adrenals [358], has 

been described in fetal sheep from very early in gestation [396], and doesn’t differ greatly 

throughout late gestation during severe asphyxia [748].  

We now demonstrate that the marked initial hypertension during umbilical cord occlusion 

corresponded with only a transient increase in cephalic blood flow at all gestations, and was 

followed by maintenance at around baseline values from 2 to 7 minutes of occlusion. Other 

studies have demonstrated a similar cerebrovascular response to umbilical cord occlusion 

and common uterine artery compression (flow reductions below 25% of baseline) in the 

mature fetal sheep, with either no increase or a moderate fall in carotid blood flow [792; 63; 

244], despite initial hypertension. Speculatively, this actively mediated restriction of blood 

flow may help prevent acute cerebral hemorrhage from cephalic hyperperfusion [68]. The 

brief period of cephalic hyperperfusion in the present study had resolved by two minutes of 

occlusion, suggesting that it was primarily related to the initial hypertension, before carotid 

vascular resistance became maximal. 

Perhaps more surprising was that CaBF fell below its relative baseline two minutes before 

MAP reached baseline. This phenomenon was seen in all gestational ages and coincided with 

gradual peripheral vasodilatation [748]. Nevertheless, the relative decline in MAP was 

closely associated with a corresponding fall in CaBF from the minute blood pressure dropped 

below baseline values; and was ultimately terminated by severe hypotension and cephalic 

hypoperfusion at the end of occlusion. This was not significantly different across gestations. 

Our observations are consistent with previous evidence in fetal sheep that suggest that the 
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fall in cerebral perfusion during asphyxia reflects loss of cerebral autoregulation [442; 716]. 

For example, Szymonowicz et al reported that resting blood pressure (37 mmHg) was close 

to the lower end of the autoregulatory range in immature fetal sheep [689]. Even in 118-122 

day old healthy fetal sheep the relationship between cerebral blood flow and arterial pressure 

is linear between 18-45 mmHg, and normal, resting blood pressure is close to the lower end 

of the cerebral autoregulatory range [554]. Further, hypercarbia can abolish regional cerebral 

autoregulation in healthy piglets [682]. Taken together, these data highlight the vulnerability 

of the developing fetus to hypoperfusion when hypotension develops during asphyxia. 

A potential limitation of this study is that carotid blood flow was used as an indirect index 

of cephalic blood flow. CaBF has been shown to correlate well with microsphere and laser 

Doppler measurements during physiological manipulations [720; 157; 281]. Nevertheless, a 

substantial proportion of carotid artery blood flow goes to non-brain tissues [157]. Thus, 

potentially, a larger fraction of carotid flow perfusing non-brain tissues such as the face and 

scalp might have been diverted to the brain during asphyxia than was evident from carotid 

blood flow. Such an effect could mask an underlying real increase in cerebral flow. 

Importantly, the present study shows that initial cardiovascular adaptation coincides with an 

early rise in T/QRS ratio, while progressive systemic decompensation is accompanied with 

a gradual resolve of T/QRS ratio. This is consistent with studies in fetal sheep at 91-94 and 

123-129 days that showed a brisk transient increase in T/QRS ratio associated with initial 

hypertension during severe asphyxia, followed by a reduction in T/QRS ratio as hypotension 

developed and metabolic acidosis worsened [758; 771]. Elevation of the ST segment in the 

electrocardiogram (measured relative to the QRS complex and expressed as T/QRS ratio), 

has been suggested as a potential diagnostic marker for asphyxia in both experimental and 

clinical studies [765; 11; 758; 762; 771]. Mechanistically, the area between the ST segment 
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and T-wave corresponds to the transition from ventricular depolarization to repolarization, 

and represent an energetically demanding process. The relationship between asphyxia and 

ST segment changes is only partially understood, but it likely reflects altered ionic cellular 

currents resulting from anaerobic myocardial glycogenolysis, which is partially mediated via 

β-adrenoreceptor stimulation [324; 323; 283; 607]. In acutely exteriorized fetal lambs at 

least, rate of myocardial glycogenolysis during graded hypoxia, with depletion of glycogen 

and ATP, correlated directly with the degree and rate of ST segment elevation [608; 323].  

In the present study, the immediate rise in T/QRS ratio was significantly greater at 0.8GA 

during the first few minutes of occlusion compared with the younger groups, and associated 

with greater hypertension at a time when peripheral vasoconstriction was almost maximal 

[748]. These data are in agreement with evidence that levels of circulating catecholamines 

are markedly higher in mature fetuses during hypoxia and are correlated with T/QRS height 

[607; 772]. Presumably, such greater catecholamine levels will favor anaerobic myocardial 

glycogenolysis to meet higher metabolic demand in near-term fetuses [323]. Nevertheless, 

the absence of a direct relationship between MAP and T/QRS ratio early during asphyxia in 

the present study demonstrates that although ST segment elevation broadly coincides with 

initial fetal adaptation, it is not significantly linked to systemic hypertension in the immature 

fetus. Even at 0.8GA this correlation was relatively weak. 

The exact significance of the progressive decline in ST segment with continuing umbilical 

cord occlusion remains unclear. Intriguingly, to the best of our knowledge this phenomenon 

has only been reported during prolonged severe asphyxia [758; 771]. In mature lamb fetuses, 

brief maximal augmentation of the ST segment followed by a fall in amplitude was seen 

during severe hypoxia that was associated with fetal hypotension and reduced cardiovascular 

output; in that study the loss of ST height was closely correlated with severity of metabolic 
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acidosis [608]. A limitation of the present study is that relative comparisons of severity of 

metabolic acidosis across gestations were not possible as blood gases were taken at different 

time points during the occlusions. Speculatively, a gradual metabolic depletion of glycogen 

during asphyxia could lead to a progressive impairment in anaerobic cardiac metabolism 

[323]. This would not explain the more rapid resolution of T/QRS elevation in immature 

fetuses in the present study, since cardiac glycogen stores are much greater at mid-gestation 

[171; 654]. Further, Cheung et al reported a near-linear increase in fetal adrenaline and 

noradrenaline levels during 30 minutes of inhalational hypoxia, and thus it seems improbable 

that there could have been a fall in catecholamines during prolonged asphyxia [135].  

We found a slower fall in T/QRS ratio at 0.8 gestation during the hypoxic decompensation 

phase of prolonged severe asphyxia, when hypotension was significantly more severe than 

in the younger groups. The capacity of the immature fetus to maintain systemic pressure 

more effectively during asphyxia has been partially attributed to greater anaerobic capacity 

and lower basal metabolic activity [171; 198]. Thus the greater T/QRS ratio at 0.8GA in this 

critical phase may reflect relatively greater anaerobic myocardial activity, with accelerated 

consumption of glycogen reserves. MAP is a function of combined ventricular output and 

vascular resistance, and combined ventricular output is a product of fetal heart rate and stroke 

volume. Since peripheral vascular resistance in this phase was greater near-term compared 

to immature fetuses [748], and the relative and absolute FHR were highly similar between 

gestations, this denotes that greater hypotension in 0.8GA fetuses is presumptively due to 

greater impairment of contractility leading to reduced stroke volume [300]. We propose that 

at 0.8 gestation, the fetuses required greater anaerobic myocardial metabolism to maintain 

their cardiovascular output, resulting in a greater rise in T/QRS ratio. 
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Although the gradual decrease in T/QRS ratio was correlated with the fall in MAP during 

occlusion, this did not clearly correspond with the onset of hypotension at any gestational 

age in this study. Thus, this was not a strong index of loss of fetal adaptation. Further, we 

did not observe biphasic waveforms or ST segment depression, although these have been 

suggested to be associated with cardiac compromise [763]. The loss of ST segment elevation 

and appearance of inverted T-waves during umbilical cord occlusion and graded hypoxia 

has been previously interpreted as markers of reduced myocardial contractility and serious 

cardiac dysfunction [773; 758]. Although we observed inverted T-waves during recovery in 

all the fetuses that had occlusion released early, and all 0.8GA fetuses who were given 

adrenaline for cardiac resuscitation, 12 fetuses that showed T-wave inversion recovered from 

occlusion despite severe hypotension. Thus, although this feature most likely represented 

reduced cardiac contractility, it was not unique to fetuses that developed severe myocardial 

compromise, nor did it identify those fetuses with reduced myocardial contractility alone.  

In conclusion, prolonged asphyxia resulted in progressive metabolic acidosis and severe 

hypotension; the rate of developmental hypotension and associated cephalic hypoperfusion 

increased toward term gestation. This was further associated with greater T/QRS ratio during 

early adaptation and late hypoxic decompensation. Better cardiovascular adaptation during 

severe asphyxia is associated with improved myocardial anaerobic metabolism and cephalic 

perfusion. An increase in T/QRS ratio is a reasonable marker of asphyxia during the early 

adaptation at 0.8 gestation, but it does not seem to be an effective marker of developing fetal 

hypotension and cerebral hypoperfusion. 
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5.1. Preface 

Therapeutic hypothermia is now standard-of-care for term newborns with HIE in developed 

nations, but it is not recommended for preterm babies due to potential safety concerns. Future 

efforts to test induced cooling for preterm infants will ideally include detailed monitoring to 

assess whether infants are benefiting from therapeutic hypothermia. Early recovery of EEG 

activity is highly predictive of long-term neurodevelopmental outcome at term, but the effect 

of cooling on EEG recovery in the preterm brain remains unclear. In this study, I examined 

the working hypothesis that hypothermic neuroprotection would be associated with greater 

electrophysiologic recovery in the preterm fetus. This chapter was published as a manuscript 

in Stroke (DOI: 10.1161/ STROKEAHA.114.008484). Supplemental material included with 

this manuscript is provided in chapter 5.7. Data Supplement. 



Chapter 5 - Preterm Hypothermia 

CC-BY-NC-ND  174 

5.2. Abstract 

Electroencephalographic (EEG) recovery is predictive of outcome after perinatal hypoxia-

ischemia, but it is unknown whether early changes in the EEG can predict the response to 

therapeutic hypothermia in the preterm brain. 0.7 gestation fetal sheep received umbilical 

cord occlusion or sham occlusion for 25 minutes, followed by sham hypothermia or whole-

body cooling started either 30 minutes or 5 hours (h) after occlusion and continued for 72 h. 

Early but not delayed hypothermia reduced neuronal loss and microglial induction in the 

striatum, with faster recovery of spectral edge frequency, reduced seizure burden, and less 

suppression of EEG amplitude (P<0.05). Recovery of higher EEG frequencies may be a 

biomarker of effective hypothermic neuroprotection in the preterm-equivalent brain.  
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5.3. Introduction 

Mild induced hypothermia improves intact recovery in term infants with moderate to severe 

hypoxic-ischemic encephalopathy but has not been tested in preterm infants [206]. Early 

EEG monitoring is predictive of long-term outcome after perinatal hypoxia-ischemia at term 

[18], but the effect of mild hypothermia on EEG recovery in preterm infants is unknown. In 

normal humans, mild hypothermia (to ≈33.5°C) is associated with a small reduction in EEG 

amplitude, with a minor shift in frequencies to theta and beta activity [398]. In contrast, mild 

hypothermia after traumatic brain injury in rats increased the proportion of isoelectric EEG 

[138], and after pediatric cardiac arrest, worsening of EEG background abnormalities during 

hypothermia was associated with adverse outcomes [2]. Thus, the severity of brain injury 

may modulate the effects of hypothermia on brain activity.  

In the present study, we examined the hypothesis that early induction of hypothermia after 

asphyxia in preterm (0.7 gestation) fetal sheep would be associated with improved striatal 

neuroprotection and EEG recovery compared with hypothermia delayed for 5 hours, just 

before the typical onset of post-asphyxial seizures [193]. At this age, brain development is 

broadly consistent with 28 to 32 weeks gestation in humans [40].  
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5.4. Methods 

Detailed methods are provided in the Data Supplement. 

5.4.1. Surgical procedures 

All procedures were approved by the Animal Ethics Committee of The University of 

Auckland. Fetal sheep at 97 to 99 days gestation (term = 147 days) were instrumented with 

brachial artery catheters and extradural EEG electrodes. Thermistors were placed over the 

parasagittal dura and in the esophagus. An occluder was fitted around the umbilical cord and 

a cooling coil was tied over the fetal back.  

5.4.2. Experimental proceedings  

At 103 to 104 days gestation, fetuses were randomly assigned to sham occlusion followed 

by normothermia (sham-normothermia, n = 8) or whole-body cooling for 72 hours (sham-

hypothermia, n = 8), or umbilical cord occlusion for 25 min, followed by sham hypothermia 

(occlusion-normothermia, n = 12), or whole-body cooling started from 30 min (occlusion-

early hypothermia, n = 10) or 5 hours (occlusion-delayed hypothermia, n = 7) after occlusion 

and continued for 72 hours. Mild whole-body cooling was induced by circulating cold water 

through the cooling coil. Seven days after occlusion, the ewes and fetuses were killed.  

Mean arterial pressure, blood gases, EEG activity, and extradural temperature were recorded 

throughout the experiment. EEG power and SEF were calculated. Electroencephalographic 

seizures were identified. Data are mean ± SEM. 

5.4.3. Immunohistochemistry 

Brain sections were stained for NeuN (neuronal survival) and IB4 (activated microglia) in 

the caudate nucleus and putamen, and positive cells were counted in stereological manner. 
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5.4.4. Statistical analysis  

Data were evaluated by repeated measures analysis of covariance (ANCOVA, SPSS v22, 

SPSS Inc.) and Sidak analysis. The within subjects’ correlation was assessed between EEG 

amplitude (μV) and brain temperature (ºC). Statistical significance was accepted at P<0.05. 
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5.5. Results 

5.5.1. Blood composition, arterial pressure, extradural temperature 

Umbilical cord occlusion was associated with profound hypoxia, mixed metabolic and 

respiratory acidosis, and hypotension, with rapid recovery after release of cord occlusion. 

Hypothermia was associated with a small increase in pH and glucose and a lower PaCO2 

compared with occlusion-normothermia (Supplemental Table 5.1) and no effect on MAP 

(Supplemental Table 5.2). Fetal extradural temperatures are shown in Figure 5.1. 

5.5.2. EEG power and SEF  

Occlusion was associated with suppressed EEG power until 84 hours after asphyxia in the 

occlusion-normothermia group and 72 hours in both hypothermia groups (P<0.05 vs. sham-

normothermia; Figure 5.1). Compared with occlusion-normothermia, the EEG power was 

reduced from 1 to 12 hours with early hypothermia, and 6 to 12 hours with delayed mild 

hypothermia (P<0.05). Delayed hypothermia was associated with suppressed EEG power 

compared with early hypothermia from 24 to 30 hours (P<0.05).  

SEF was significantly suppressed with occlusion-normothermia until 72 hours after the cord 

occlusion compared with the sham-normothermia animals (P<0.05; Figure 5.1). In contrast, 

early hypothermia showed rapid recovery of SEF to sham-normothermia values within 4 

hours, with higher SEF than delayed mild hypothermia from 30 to 72 and 78 to 162 hours 

(P<0.05). Examples of continuous EEG are shown in Supplemental Figure 5.1.  
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Figure 5.1. Changes in extradural temperature (°C), spectral edge frequency (Hz), and EEG 
power (dB) in the sham-normothermia (open circles), sham-hypothermia (closed circles), 
occlusion-normothermia (open squares), occlusion-early hypothermia (triangles), and 
occlusion-delayed hypothermia (inverted triangles) groups. EEG, electroencephalography; 
h, hours. Data are mean ± SEM.; 6 hour averages during baseline and after 78 h, and 1-hour 
averages until 78 h. #P<0.05, normothermia vs. hypothermia; *P<0.05, sham-normothermia 
vs. occlusion-normothermia animals; †P<0.05, occlusion-early hypothermia vs. occlusion-
normothermia; ‡P<0.05, occlusion-delayed hypothermia vs. occlusion-normothermia; 
§P<0.05, occlusion-early hypothermia vs. occlusion-delayed hypothermia. 
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5.5.3. Relationship between temperature and EEG amplitude 

All groups showed a significant relationship between extradural temperature and EEG 

amplitude (Supplemental Figure 5.2). Delayed hypothermia was associated with a greater 

effect on EEG amplitude (2.16 ± 0.79 μV/°C, r = 0.64, P<0.001) than early hypothermia 

(0.53 ± 0.08 μV/°C, r = 0.50, P<0.001). 

5.5.4. Seizures 

Numbers of seizures, seizure burden (total minutes of seizure activity), and mean seizure 

duration during recovery were reduced after early but not delayed hypothermia (P<0.05; 

Supplemental Table 5.3). 

5.5.5. Striatal neurons and microglia  

Occlusion was associated with a significant loss of neurons in the caudate and putamen 

(P<0.05; vs. sham-normothermia; Figure 5.2 and Supplemental Figure 5.3). The neuronal 

survival was increased after early but not delayed hypothermia in the caudate nucleus. Both 

occlusion-hypothermia groups showed intermediate neural survival in the putamen between 

the sham-normothermia and occlusion-normothermia groups.  

Occlusion was associated with an intense induction of microglia in the caudate and putamen 

(P<0.05; vs. sham-normothermia; Figure 5.2 and Supplemental Figure 5.3). This induction 

was reduced after early cooling (P<0.05), but partially suppressed after delayed cooling. 
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Figure 5.2. Numbers of IB4-positive microglia cells (A) and NeuN-positive neurons (B) in 
the caudate nucleus and putamen 7 days after (sham) occlusion in preterm fetal sheep. Data 
are mean ± SEM. *P<0.05 vs. sham-normothermia; #P<0.05, occlusion-hypothermia groups 
vs. occlusion-normothermia. 
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5.6. Discussion 

This study demonstrates that mild whole-body cooling in preterm fetal sheep, started within 

30 minutes after severe asphyxia, was associated with faster recovery of SEF to sham control 

values in the first 4 hours, and subsequently markedly reduced seizure burden and less 

suppression of EEG power and amplitude, than hypothermia delayed until 5 hours after 

asphyxia. Consistent with this, early but not delayed cooling was associated with improved 

striatal neuronal survival and suppression of microglia induction after 7 days recovery. These 

findings raise the possibility that delayed recovery of SEF could help identify infants who 

benefit less from hypothermia.  

Prolonged umbilical cord occlusion was associated with moderate-severe subcortical neural 

injury but sparing of the cortex after 3 days recovery [254], and with prolonged suppression 

of EEG power and SEF, consistent with clinical evidence in preterm infants that reduced 

SEF is associated with adverse outcomes [339]. The continuous EEG recordings showed 

epileptiform transient activity from 3 to 8 hours after occlusion-normothermia. Early but not 

delayed hypothermia was associated with suppression of these abnormal events and partial 

restoration of low-amplitude but higher frequency EEG activity. Because synchronous EEG 

reflects cortico-thalamic and cortico-cortical feedback between neurons, we speculate that 

recovery of higher frequency EEG activity with early cooling may reflect better preservation 

of intracortical synaptic connectivity or thalamic neurons [65]. The finding that early cooling 

was associated with reduced seizures but less suppression of overall EEG amplitude / power 

than delayed cooling strongly suggests an indirect effect, mediated by neuronal protection. 

We speculate that early recovery of SEF and reduced suppression of EEG amplitude during 

cooling may be biomarkers of clinical response to therapeutic hypothermia. 
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5.7. Data Supplement 

5.7.1. Supplemental methods 

Experimental preparation 

All animal procedures were approved by the Animal Ethics Committee of The University of 

Auckland, New Zealand. We have previously reported changes in temperature, carotid blood 

flow and serum nitrate values in the sham and early hypothermia groups [43]. Time-mated 

singleton Romney/Suffolk fetal sheep from the university approved farm, were instrumented 

between 97 and 99 days 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) and 

dihydrostreptomycin (250 mg/mL), Stockguard Labs Ltd.) intramuscularly for prophylaxis 

30 min before the surgery. Anesthesia was induced by i.v. injection of Alfaxan (alphaxalone, 

3 mg/kg, Jurox), and after intubation, general anesthesia maintained using 2-3% isoflurane 

in oxygen. The depth of anesthesia and maternal respiration were monitored by trained staff. 

A catheter was placed in a maternal vein to provide a constant infusion of saline (250 mL/h).  

All surgical procedures were performed using sterile techniques as previously described 

[256]. Catheters were placed in the left and right brachial artery for preductal blood sampling 

and arterial blood pressure measurements respectively. An amniotic catheter was secured to 

the fetal shoulder. Two pairs of EEG electrodes (AS633-5SSF, Cooner Wire Company) were 

placed on the dura over the parasagittal parietal cortex (5 mm and 10 mm anterior to bregma, 

5 mm lateral), with a reference electrode sewn over the occiput. A thermistor (IncuTemp-1, 

Mallinckrodt Pharmaceuticals) was placed over the parasagittal dura 20 mm anterior to 

bregma for the measurement of fetal extradural temperature, and a second thermistor was 

placed deep in the esophagus at the level of the right atrium to measure fetal core body 

temperature. An inflatable occluder was placed around the umbilical cord of all fetuses (In 
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Vivo Metric), and a silicone cooling coil (external diameter, 7.9 mm; internal diameter, 4.8 

mm; Degania Silicone, Regensburg, Germany) over the fetal back allowed water circulation.  

The uterus was then closed, after Gentamicin (gentamicin sulphate, 40 mg/mL, Rousell) was 

injected into the amniotic sac. Any amniotic fluid lost during surgery was replaced with 

isotonic saline warmed to 37°C. The maternal laparotomy incision was repaired and the skin 

infiltrated with the local acting analgesic Marcain (10 mL, 0.5% bupivacaine plus adrenaline, 

AstraZeneca Ltd.). The maternal long saphenous vein was catheterized for post-operative 

maternal care, and all fetal leads were exteriorized through the maternal flank. After surgery, 

sheep were housed together in separate metabolic cages with access to water and concentrate 

pellet feed (Country Harvest Stockfeed) ad libitum. The animal housing facility was 

temperature-controlled (16 ± 1ºC, humidity 50 ± 10%), and operated on a 12 hour light-dark 

cycle at all times. During the post-operative recovery period before experiments, all ewes 

were given daily i.v. antibiotics, including Gentamicin (40 mg/mL for 2 days, Rousell) and 

benzylpenicillin sodium (600 mg for 4 days, Novartis Ltd.). Fetal vascular catheters were 

maintained patent by continuous infusion of heparinized saline (20 IU/mL at 0.15 mL/h), 

and the maternal catheter was maintained by daily flushing. 

Experimental recordings 

Experiments were conducted at 103-104 days gestation. MAP (Novatrans II, MX860, Medex 

Inc.) corrected for maternal movement by subtraction of amniotic fluid pressure, EEG 

activity and temperature were recorded continuously from 12 hours before the experiment 

until 168 hours afterwards. The blood pressure signals were collected at 64 Hz and low-pass 

filtered at 30 Hz. The EEG signal was processed with a first-order high-pass filter at 1.6 Hz 

and a 6th order Butterworth low-pass filter with a cut-off frequency at 50 Hz, and then 

digitally stored at a sampling rate of 64 Hz. The EEG power and SEF (Hz) were then 
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calculated on the portion of the power spectrum between 1 Hz and 20 Hz. The EEG power 

signal was log transformed (dB, 20 x log (intensity)), as this transformation gives a better 

approximation of normal distribution [775], and data from left and right EEG electrodes 

were averaged. The SEF was defined as the frequency below which 90% of the EEG power 

lies. All data were collected with custom software (Labview, National Instruments Corp.). 

Experimental protocols 

Fetuses were randomly assigned to either sham-normothermia (n = 8), sham-hypothermia (n 

= 8), occlusion-normothermia (n = 12), occlusion-early hypothermia (n = 10), or occlusion-

delayed hypothermia (n = 7). Fetal asphyxia was induced for 25 min by rapid inflation of 

the umbilical cord occluder with sterile saline of a defined volume known to completely 

inflate the occluder [578]. Successful occlusion was confirmed by rapid onset of bradycardia 

and changes in blood gases. Fetal arterial blood was taken 60 min before occlusion, at 5 and 

17 min during occlusion, and 10 min, 1, 2, 4, 6, 24, 48, 72, 96, 120, 144 and 168 hours after 

occlusion for blood gas, glucose and lactate determination (ABL800 Flex analyzer, 

Radiometer). Blood gases for the hypothermia groups were temperature corrected.  

Intrauterine whole-body cooling was initiated either 30 min (early hypothermia) or 5 hours 

(delayed hypothermia) after the end of occlusion and continued for 72 hours. At the end of 

cooling, fetuses were allowed to rewarm spontaneously. Cooling was induced by circulating 

cold water (10ºC) through the cooling coil around the fetal body [256], and was titrated in 

the first 2 hours to reduce fetal extradural temperature from 39.4 ± 0.1ºC to between 36 and 

37ºC. Seven days after occlusion the ewes and fetuses were killed by an overdose of sodium 

pentobarbitone (9 g, i.v. to the ewe; Pentobarb 300, Chemstock International). The fetal 

brains were perfusion fixed in situ with saline followed by 500 mL of 10% phosphate 

buffered formalin. Following removal from the skull, brain tissue was fixed for another 5-6 
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days before processing and embedding using a standard paraffin preparation. One animal 

from the sham-hypothermia group was euthanized one day before its scheduled post-mortem 

date due to acute umbilical cord entanglement. This fetus was otherwise healthy during the 

experiment (as assessed by blood gases) but its histologic data was excluded from analysis. 

Immunohistochemistry 

Slices were cut (6 μm thick) using a microtome (Leica Jung RM2035, Leica Microsystems 

Ltd). Slides were dewaxed in xylene, rehydrated in decreasing concentrations of ethanol, 

and washed in 0.1 mol/L PBS. Antigen retrieval was performed using the citrate buffer boil 

method followed by incubation in 1% H2O2 in methanol. For anti-neuronal nuclei 

monoclonal antibody (NeuN, a neural marker), blocking was performed in 2.5% NHS-PBS 

for 1 h at room temperature, followed by 1:400 mouse anti-NeuN (Chemicon International) 

in 2.5% NHS-PBS, overnight at 4ºC. Biotin-conjugated secondary antibody (1:200 in 2.5% 

NHS-PBS, overnight at 4ºC, In Vitro Technologies), avidin-biotin complex (1:50, in 2.5% 

NHS-PBS, for 2 h at room temperature; Vectastain Elite ABC Kit, Vector Laboratories), and 

DAB solution (Sigma-Aldrich) were used to visualize the signal. For negative sections the 

primary antibody was omitted from the incubation solution. Staining was performed in 

separate batches, with each batch containing two sections from each experimental group. 

For activated microglia, rehydrated/antigen retrieved tissue sections were incubated with 

biotinylated isolectin B4 (IB4, Sigma-Aldrich) overnight at 4°C, and diluted 1:100 in PBS. 

Sections were then washed 3 x 5 minutes in PBS, incubated in avidin-biotin complex (1:50 

in PBS, 2 hour at room temperature; Vector Laboratories), washed in PBS (3 x 5 minutes), 

and then visualized using DAB (Sigma-Aldrich). The reaction was terminated by washing 

in distilled water, and the sections dehydrated and mounted. For negative control sections 

the primary antibody was omitted from the incubation solution. 
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For each animal, four serial sections of the forebrain were analyzed, that were taken 23 mm 

anterior to stereotaxic zero, at the level of the mid-striatum (comprising the caudate and 

putamen). NeuN and IB4-positive cells were counted on stained sections by light microscopy 

on a Nikon eclipse 80i microscope with motorized stage (Scitech Pty. Ltd.) and Stereo 

Investigator software (version 8; MBF Bioscience), by an investigator who was masked to 

the treatment groups by separate coding of the slides. Sampling was performed using 

stereological principles by first tracing around each region of interest at 2x magnification, 

and then randomly translating a grid onto the sections and applying an optical fractionator 

probe consisting of a counting frame for object inclusion/exclusion at 40x magnification. 

The grid and counting frame sizes used for the caudate and putamen were 600 x 600 μm and 

100 x 100 μm, respectively. Cells touching the bottom and right-hand boundaries were 

included, whereas those touching the top and left were excluded. For the caudate and 

putamen, the estimated total number of cells (slides were cut at 6 μm thickness, with 1 slide 

every 10 sampled giving a total structure thickness of 240 μm) was calculated using Stereo 

Investigator software (version 8; MBF Bioscience). 
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Data analysis and statistics 

All physiological analyses were performed using custom analysis programs (Labview for 

Windows), by an investigator (R.B.) blinded to the treatment groups through coding of all 

experimental animals. Overt electrographic seizures were identified visually and defined as 

the concurrent appearance of sudden, repetitive, evolving stereotyped waveforms in the EEG 

signal, lasting more than 10 seconds and >20 μV, as previously described by Scher et al 

[633]. Seizure burden was calculated as the sum duration of all seizures after occlusion. 

Signal artefact precluded seizure analysis in 3 and 2 fetuses in the occlusion-normothermia 

and early hypothermia groups respectively.  

The effect of occlusion and hypothermia on fetal physiological parameters was evaluated by 

analysis of variance, with time as a repeated measure and baseline values as a covariate 

where appropriate (SPSS v22, SPSS Inc.). Sidak post-hoc testing was performed on 6 hour 

averaged time blocks when a significant overall effect of group, or an interaction between 

group and time was found. Blood composition, seizure, and histological data were assessed 

by univariate analysis and the Sidak post-hoc test. Statistical significance was accepted at 

P<0.05. Data are presented as mean ± SEM.  

We analyzed the Pearson within subjects’ correlation between EEG amplitude (μV) and 

extradural temperature (ºC) over 96 hourly observations from the end of occlusion, using the 

method of Bland and Altman [79]. EEG amplitude was used instead of power because EEG 

amplitude monitoring is used more commonly and immediately available [1]. 
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5.7.2. Supplemental figures 
 

 

Supplemental Figure 5.1. Examples of raw EEG recordings taken from individual fetuses. 
Sham-normothermia (SN) and sham-hypothermia (SH) animals show normal mixed high-
frequency, low-amplitude EEG activity at 5 hours after sham occlusion. Occlusion-
normothermia (ON) shows highly abnormal epileptiform transient activity at 5 hours after 
occlusion. Occlusion-early hypothermia (EH) shows potent suppression of abnormal 
epileptiform activity and partial restoration of high-frequency, low-amplitude EEG activity 
at 5 hours after starting early hypothermia. Occlusion-delayed hypothermia (DH) shows 
abnormal epileptiform transient activity after starting delayed hypothermia, before the onset 
of delayed seizures. Note the failure of delayed hypothermia to suppress the abnormal 
epileptiform transient activity. EEG, electroencephalography; μV = microvolt.  
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Supplemental Figure 5.2. The within subjects’ regression of 96 hourly time points after cord 
occlusion between the EEG amplitude (μV) and extradural temperature (Cº) in the sham-
normothermia, sham-hypothermia, occlusion-normothermia, occlusion-early hypothermia 
and occlusion-delayed hypothermia groups. The lines represent individual regression lines. 
Different symbols represent individual animals. In the sham-normothermia group there was 
a significant but weak relationship between extradural temperature and EEG amplitude (0.48 
± 1.09 μV/°C, r = 0.13, P<0.01), and similarly in the sham-hypothermia (0.22 ± 0.24 μV/°C; 
r = 0.17, P<0.001) and occlusion-normothermia group (0.86 ± 0.63 μV/°C; r = 0.19, 
P<0.001). Conversely, the occlusion-hypothermia groups showed a robust relationship 
between extradural temperature and EEG activity, with a markedly greater suppressive effect 
of temperature on EEG amplitude in the occlusion-delayed hypothermia group (2.16 ± 0.79 
μV/°C, r = 0.64, P<0.001) compared to the occlusion-early hypothermia group (0.53 ± 0.08 
μV/°C, r=0.50, P<0.001). EEG, electroencephalography; μV, microvolt.  
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Supplemental Figure 5.3. Photomicrographs showing representative examples of IB4-
positive microglia cells (panel A) and NeuN-positive neurons (panel B) in the caudate and 
putamen at 7 days after (sham) occlusion with normothermia, early or delayed hypothermia 
in preterm fetal sheep. Scale bar = 200 μm. 
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5.7.3. Supplemental tables 

Supplemental Table 5.1. Fetal biochemical changes.* 
 

Group Baseline 5 min 17 min +10 min +1 h +2 h +4 h +6 h +24 h +72 h 

 pH SN 7.38±0.01 7.38±0.01 7.38±0.01 7.38±0.01 7.38±0.01 7.38±0.01 7.38±0.01 7.38±0.01 7.37±0.00 7.37±0.00 

SH 7.37±0.01 7.36±0.01 7.37±0.01 7.37±0.01 7.39±0.01 7.41±0.01 7.41±0.01 7.40±0.01 7.39±0.01 7.40±0.01 

ON 7.36±0.00 7.04±0.01* 6.86±0.01* 7.13±0.03* 7.28±0.02* 7.34±0.02 7.42±0.01 7.40±0.00 7.37±0.01 7.37±0.00 

EH 7.35±0.01 7.04±0.02* 6.85±0.01* 7.13±0.02* 7.30±0.02* 7.38±0.01 7.43±0.01* 7.45±0.01*# 7.42±0.01*# 7.41±0.01*# 

DH 7.36±0.02 6.97±0.01*# 6.80±0.01*# 7.15±0.02* 7.29±0.01* 7.33±0.02 7.39±0.01 7.42±0.01 7.42±0.01*# 7.42±0.01*# 

 PaCO2 

 mmHg 

SN 46.7±0.3 43.9±0.9 45.8±0.8 45.0±0.8 44.5±1.3 48.2±0.6 46.1±1.1 47.4±1.5 48.5±0.5 49.6±0.7 

SH 48.8±1.0 43.9±1.4 44.0±1.3 43.0±1.1 40.6±1.0 44.5±1.2 40.2±0.9 44.0±1.5 44.6±0.7 48.9±2.1 

ON 49.2±1.1 91.7±3.4* 128.2±6.6* 60.2±8.7 43.7±1.2 46.6±1.0 44.4±0.9 46.6±1.2 44.7±1.2 45.4±1.3 

EH 48.6±1.3 93.9±2.7* 124.7±1.6* 53.2±3.9 39.6±1.4 41.5±1.3*# 39.0±1.3*# 39.3±1.8*# 42.5±1.4* 47.6±1.2 

DH 46.6±1.4 101.8±3.0* 133.3±3.2* 49.3±2.7 41.4±1.5 44.8±1.9 43.1±1.1 41.0±1.0* 42.1±1.3* 43.0±0.8* 

 PaO2 

 mmHg 

SN 23.3±1.2 23.4±1.0 22.7±1.1 22.9±1.0 22.6±1.3 22.4±1.1 21.5±1.3 23.2±1.1 22.8±1.0 23.7±1.4 

SH 25.2±1.2 25.7±1.2 24.9±1.1 25.1±1.2 22.8±1.2 22.9±1.0 23.4±1.0 23.4±1.0 22.4±1.2 20.1±1.1 

ON 22.3±0.6 5.6±0.5* 7.9±0.7* 31.2±1.7* 28.0±1.0* 24.3±0.8 23.3±1.1 22.5±1.0 25.2±1.0 26.0±0.9 
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EH 22.8±0.8 7.6±0.7* 10.2±0.8* 32.4±0.8* 26.8±0.9 23.0±0.9 22.4±0.7 24.1±1.2 23.7±0.8 25.5±1.5 

DH 22.4±1.5 6.4±1.1* 7.3±1.0* 33.7±1.5* 31.0±1.6* 26.0±1.7 23.8±1.6 21.5±1.5 24.5±1.7 24.1±1.5 

 Lactate 

 mmol/L           

SN 0.9±0.1 0.8±0.0 0.8±0.1 0.8±0.0 0.8±0.1 1.0±0.1 0.9±0.1 1.1±0.1 0.9±0.1 0.8±0.1 

SH 0.9±0.1 0.9±0.0 0.8±0.1 0.9±1.0 0.9±0.1 1.1±0.1 0.8±0.1 0.9±0.1 1.0±0.1 1.3±0.1* 

ON 0.8±0.0 3.6±0.2* 5.9±0.2* 5.4±0.3* 4.4±0.4* 3.6±0.5* 1.8±0.3 1.5±0.2 1.2±0.1 0.9±0.1 

EH 0.8±0.1 3.6±0.3* 5.0±0.6* 5.2±0.3* 4.2±0.2* 3.3±0.3* 1.9±0.3 1.7±0.3 1.2±0.2 0.9±0.1 

DH 0.8±0.1 4.2±0.2* 6.2±0.3* 5.3±0.3* 3.3±0.4* 3.5±0.4* 1.8±0.3 1.7±042 1.5±0.2 1.0±0.1 

 Glucose 

 mmol/L         

SN 1.1±0.1 1.1±0.1 1.1±0.1 1.0±0.1 1.1±0.1 1.2±0.1 1.1±0.1 1.2±0.1 1.1±0.1 1.0±0.1 

SH 1.0±0.1 1.0±0.1 0.9±0.1 1.0±0.1 1.1±0.1 1.4±0.1 1.2±0.1 1.3±0.1 1.1±0.1 1.2±0.1 

ON 1.0±0.0 0.3±0.0* 0.7±0.1* 1.5±0.1* 1.4±0.1 1.3±0.1 1.2±0.1 1.3±0.1 1.2±0.1 1.1±0.1 

EH 1.1±0.1 0.5±0.0* 0.8±0.1 1.7±0.1* 1.7±0.1* 1.7±0.1* 1.6±0.1*# 1.8±0.0* 1.7±0.2*# 1.6±0.1*# 

DH 1.1±0.1 0.4±0.0* 0.8±0.1 1.6±0.1* 1.2±0.1 1.4±0.1 1.3±0.1 1.5±0.2 1.8±0.1*# 1.6±0.2*# 
*Fetal arterial pH, blood gases, lactate and glucose values for the sham-normothermia (SN), sham-hypothermia (SH), occlusion-normothermia 
(ON), occlusion-early hypothermia (EH) and occlusion-delayed hypothermia (DH) groups, 60 min before occlusion (baseline), 5 and 17 min during 
occlusion, and post (10 min, 1, 2, 4, 6, 24, and 72 hours) 25 min umbilical cord occlusion. Data are mean ± SEM; 48 hours and post 96 hours were 
not significant and have been omitted for space reasons. *P<0.05 vs. sham-normothermia; #P<0.05 vs. occlusion-normothermia. 
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Supplemental Table 5.2. Mean arterial blood pressure changes. 

Group Baseline +3 h +6 h +9 h +12 h +18 h +24 h +48 h +72 h +168 h 

SN 37.8 ± 1.0 37.8 ± 0.9 37.1 ± 1.4 37.0 ± 1.5 36.8 ± 1.5 36.9 ± 1.4 37.0 ± 1.2 37.3 ± 1.2 37.2 ± 1.2 39.3 ± 1.8 

SH 35.2 ± 0.9 36.5 ± 1.1 36.5 ± 1.1 36.3 ± 1.1 35.4 ± 1.2 35.0 ± 1.2 35.4 ± 1.5 35.5 ± 1.3 34.5 ± 1.4 37.6 ± 1.9 

ON 37.4 ± 0.5 40.5 ± 1.2 38.9 ± 1.2 41.1 ± 1.3 40.2 ± 1.0* 41.3 ± 1.4*# 41.8 ± 1.6# 40.3 ± 1.2 38.2 ± 0.9 38.5 ± 0.8 

EH 36.2 ± 1.1 41.5 ± 2.5 37.9 ± 2.0 38.3 ± 1.7 39.1 ± 1.9 37.7 ± 1.0 38.4 ± 0.9 41.7 ± 1.5*# 38.1 ± 1.0 36.9 ± 1.5 

DH 36.6 ± 0.8 42.3 ± 1.8* 39.0 ± 1.8 39.3 ± 1.6 39.0 ± 1.4 38.1 ± 1.2 40.3 ± 1.6 42.0 ± 0.9*# 39.4 ± 1.0# 38.3 ± 1.8 

Mean arterial blood pressure values (mmHg) for the sham-normothermia (SN), sham-hypothermia (SH), occlusion-normothermia (ON), occlusion-
early hypothermia (EH) and occlusion-delayed hypothermia (DH) groups, 60 min before occlusion (baseline), 3, 6, 9, 12, 18, 24, 48, 72 and 168 
hours after umbilical cord occlusion. Data are mean ± SEM; 96, 120 and 144 hours were not significant and have been omitted for space reasons. 
*P<0.05 vs. baseline, #P<0.05 vs. sham-hypothermia.  
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Supplemental Table 5.3. Electrographic seizures. 

Group Onset Seizures (h) Seizure Number Seizure Burden (min) Duration (sec) Max. Amplitude (µV) 

SN No seizures No seizures No seizures No seizures No seizures 

SH No seizures No seizures No seizures No seizures No seizures 

ON 7.1 ± 0.6 68.1 ± 22.1 62.6 ± 15.3 60.3 ± 8.4 190.0 ± 27.7 

EH 13.8 ± 4.1   7.0 ± 2.2*   3.6 ± 1.5*   28.3 ± 7.0* 122.7 ± 34.6 

DH 13.5 ± 3.2 44.7 ± 28.8 49.0 ± 34.5 52.5 ± 8.7 127.3 ± 25.0 

Seizure parameters for the sham-normothermia (SN), sham-hypothermia (SH), occlusion-normothermia (ON), occlusion-early hypothermia (EH) 
and occlusion-delayed hypothermia (DH) groups, presented as the onset time of seizures after occlusion, total number of seizures, seizure burden, 
seizure duration, and maximum seizure amplitude during recovery. Seizure burden was calculated as the sum duration of all seizures after occlusion. 
All data are presented as mean ± SEM; *P<0.05 vs. occlusion-normothermia. µV = microvolt. Note: Three fetuses in the occlusion-early 
hypothermia group and one fetus in the occlusion-normothermia and delayed hypothermia group did not develop seizures.
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6.1. Preface 

There are no therapeutic interventions for hypoxic-ischemic brain injury in the premature 

neonate. The growth factor, recombinant human erythropoietin, has potent neuroprotective 

properties after HI in adult and neonatal rodents, but there is little evidence in the preterm-

equivalent brain. In addition, erythropoietin is usually given as repeated boluses, which can 

result in sub-optimal protection of the brain between injections. In this study, I tested the 

hypothesis that continuous infusion with recombinant erythropoietin after severe asphyxia 

would be associated with white and grey matter protection and greater electrophysiological 

recovery in the preterm fetus. This chapter was published as a manuscript in the Journal of 

Cerebral Blood Flow and Metabolism (DOI: 10.1177/0271678X16650455). Supplemental 

material included with this manuscript is provided in chapter 6.7. Data Supplement. 
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6.2. Abstract 

Perinatal asphyxia in preterm infants remains a significant contributor to abnormal long-

term neurodevelopmental outcomes. Recombinant human erythropoietin has potent non-

hematopoietic neuroprotective properties, but there is limited evidence for protection in the 

preterm brain. Preterm (0.7 gestation) fetal sheep received sham asphyxia (sham occlusion) 

or asphyxia induced by umbilical cord occlusion for 25 min, followed by an intravenous 

infusion of vehicle (occlusion-vehicle) or recombinant human erythropoietin (occlusion-

Epo, 5000 international units (IU) by slow push, then 832.5 IU/h), starting 30 min after 

asphyxia and continued until 72 h. Recombinant human erythropoietin reduced neuronal loss 

and numbers of caspase-3-positive cells in the striatal caudate nucleus, CA3 and dentate 

gyrus of the hippocampus, and thalamic medial nucleus (P<0.05 vs. occlusion vehicle). In 

the white matter tracts, recombinant human erythropoietin increased total, but not immature 

/ mature oligodendrocytes (P<0.05 vs. occlusion-vehicle), with increased cell proliferation 

and reduced induction of activated caspase-3, microglia and astrocytes (P<0.05). Finally, 

occlusion-Epo reduced seizure burden, with more rapid recovery of electroencephalogram 

(EEG) power, spectral edge frequency (SEF) and carotid blood flow. In summary, prolonged 

infusion of recombinant human erythropoietin after severe asphyxia in preterm fetal sheep 

was partially protective and improved electrophysiological and cerebrovascular recovery, in 

association with reduced apoptosis and inflammation.  
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6.3. Introduction 

Preterm infants continue to have a very high rate of neurodevelopmental disability [151]. 

The etiology of preterm brain damage is clearly multifactorial [737]; however, a contributing 

factor is the increased risk of acute HIE in moderately preterm infants compared to term 

[205]. Therapeutic hypothermia improves outcomes in term infants with HIE but has not 

been shown to be safe in preterm infants [319]. Thus, there is a considerable, unmet need for 

safe neuroprotective treatments for moderately preterm infants with acute HIE.  

There is evidence that the hematopoietic cytokine, erythropoietin, can improve histological 

and behavioral outcomes after ischemia and HI in adult and neonatal rodents, as recently 

reviewed [583]. Although there is limited information in the preterm-equivalent brain [473; 

723], brain maturity of P7 rat pups is broadly consistent with that of the late preterm infant 

[591]. In P7 rats, neuroprotection with peripheral injection of rEpo immediately after HI is 

reported with a wide range of doses, from 1000 to 30,000 IU/kg [583].  

Critically, repeated injection with 5000 IU/kg rEpo daily for three days, started immediately 

after HI, was more neuroprotective after seven days recovery, than either a single dose of 

5000 IU/kg or three injections of 30,000 IU/kg [384], but neuroprotection was largely lost 

when treatment was delayed for 1-3 h after HI [7]. This finding parallels the experience with 

mild induced hypothermia that optimal neuroprotection after acute HI injury is seen when 

cooling is started within the first 6 h and continued until secondary events such as seizures 

have resolved, after approximately three days [753]. This suggests that continued exposure 

to rEpo during this critical phase will be needed for optimal outcomes after acute HI.  

Further, small clinical studies report that rEpo injections of 3000 IU/kg started within 3 hours 

of birth, then at 12-18 hours and 36-42 hours, reduced the risk of white matter injury [424] 

and improved white matter development at term-equivalent [533]. However, functionally, 
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meta-analysis of small randomized trials of early, repeated treatment of preterm infants with 

rEpo suggests that while it was associated with a small improvement in neurodevelopment, 

there was no effect on severe disability [741]. These studies used intermittent injections 

based on the relatively long half-life (up to 18 hours) of high-dose rEpo [782]. However, 

intermittent injections must be associated with significant variation in concentration of Epo. 

Thus, it is possible that a sustained infusion which provides more stable plasma levels may 

be neuroprotective even after delayed initiation of treatment.  

In the present study, we examined the hypothesis that continuous infusion with rEpo, started 

30 min after severe asphyxia induced by umbilical cord occlusion and continued until 72 

hours, would improve electrophysiological recovery and alleviate white and grey matter 

damage in the immature 0.7 gestation fetal sheep. The focus of this study was on potential 

for acute neuroprotection through the suppression of apoptosis and inflammation; we also 

quantified cellular proliferation in the white matter tracts as rEpo has longer term effects on 

oligodendrogenesis that may promote neurorestoration [583]. Brain development at this fetal 

age is broadly similar to 28 to 32 weeks in the human infant [468]. 
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6.4. Materials and Methods 

6.4.1. Experimental preparation 

All animal procedures were approved by the Animal Ethics Committee of the University of 

Auckland under the provisions of 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. This manuscript complies with the ARRIVE guidelines for 

reporting animal research [391]. Twenty-six time-mated Romney / Suffolk fetal sheep were 

instrumented at 98-99 days gestation (term = 147 days). Food, but not water was withdrawn 

18 hours before surgery. Ewes were given long-acting oxytetracycline (20 mg/kg, Phoenix 

Pharm.) intramuscularly for prophylaxis 30 minutes before starting surgery. Anesthesia was 

induced by i.v. injection of Propofol (5 mg/kg, AstraZeneca Ltd.), and after intubation, 

anesthesia was maintained with 2-3% isoflurane (Medsource) in O2. The depth of anesthesia, 

maternal heart rate and respiration were monitored by trained anesthetic staff during surgery. 

Ewes received a constant isotonic saline drip (250 mL/h) to maintain fluid balance.  

All surgical procedures were performed in aseptic conditions [751]. Following a maternal 

midline abdominal incision, the fetus was exposed and polyvinyl catheters were inserted into 

the fetal right brachial vein for drug infusion, and both brachial arteries for pre-ductal blood 

sampling and MAP monitoring. An amniotic catheter was secured to the fetal shoulder. ECG 

electrodes (AS633-3SSF, Cooner Wire Company) were placed subcutaneously over the right 

shoulder and the fetal chest at the apex to record FHR. Two pairs of EEG electrodes (AS633-

5SSF, Cooner Wire Company) were placed on the dura over the parasagittal parietal cortex 

(5 mm and 10 mm anterior to bregma and 5 mm lateral), with a reference electrode sewn 

over the occiput. One thermistor (IncuTemp-1, Mallinckrodt Pharmaceuticals) was placed 

over the parasagittal dura 20 mm anterior to bregma to measure extradural temperature. All 

burr holes were sealed and the fetal scalp secured with cyanoacrylate glue. An ultrasonic 
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flow probe (3S type, Transonic Systems Inc.) was placed around the right carotid artery to 

provide an index of global cephalic blood flow [720; 157]. Finally, a silicone umbilical cord 

occluder was fitted around the umbilical cord of all fetuses (In Vivo Metric).  

The uterus was closed and antibiotics (80 mg, Gentamicin, Pfizer) were administered into 

the amniotic sac. Amniotic fluid lost during surgery was replaced with sterile saline warmed 

to 37ºC. The maternal laparotomy incision was repaired and the skin infiltrated with 10 mL 

of 0.25% bupivacaine plus adrenaline (AstraZeneca Ltd.). The maternal saphenous vein was 

catheterized for post-operative care, and fetal leads exteriorized through the maternal flank. 

6.4.2. Post-operative care 

Sheep were housed together in separate metabolic cages with access to water and concentrate 

pellet feed (Dunstan Nutrition) ad libitum. The animal housing facility was temperature 

controlled (16 ± 1ºC, humidity 50 ± 10%), and operated on a 12-h light-dark cycle (6 a.m. 

on, 6 p.m. off). During the post-operative period before experiments, ewes were given daily 

i.v. antibiotics, including Gentamicin (40 mg for 2 days, Pfizer) and benzylpenicillin sodium 

(600 mg for 4 days, Onelink). Vascular catheters were maintained patent by an infusion of 

heparinized saline (20 IU/mL at 0.15 mL/h), and the maternal catheter was flushed daily. 

6.4.3. Experimental recordings 

Experiments were conducted at 103-104 days gestation. Fetal MAP, corrected for maternal 

movement by subtraction of amniotic pressure (MDX-MX866; Medex Inc.), ECG, EEG, 

CaBF and extradural temperature were recorded continuously from 24 hours before until 72 

hours after cord occlusion or sham occlusion. The CaBF signal was low-pass filtered with a 

second-order Butterworth filter at 10 Hz, then digitized at 512 Hz. Similarly, arterial pressure 

signals were low-pass filtered with a Butterworth filter, with the -3 dB point set to a cut-off 

frequency of 20 Hz, and then digitized at 512 Hz.  
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The analogue EEG signal was filtered with a first-order high-pass filter at 1.6 Hz and a sixth-

order low-pass Butterworth anti-aliasing filter, with the -3 dB point set at a cut-off frequency 

of 50 Hz, then digitized at 512 Hz. EEG power and SEF (Hz) were extracted between 1 and 

20 Hz from four second(s) epochs. The EEG power signal was log transformed (dB, 20 x 

log (power)) [775]. SEF was defined as the frequency below which 90% of the EEG power 

lies. Data from left and right EEG electrodes were averaged and normalized with respect to 

the 24 hour baseline period. All experimental data were collected for offline analysis using 

custom software (Labview for Windows, National Instruments Corp.). 

6.4.4. Experimental protocols 

Fetuses were randomly assigned to either sham occlusion (n = 9), occlusion-vehicle (n = 9), 

or occlusion-Epo (n = 8). Fetal asphyxia was induced for 25 min by rapid inflation of the 

umbilical cord occluder with sterile saline of a defined volume known to completely occlude 

the umbilical blood flow [578]. Occlusion was confirmed by rapid onset of bradycardia, 

hypertension, and changes in blood gases. This duration represents an acute, near-terminal 

asphyxial insult that is associated with diffuse white matter lesions and moderate subcortical 

neural loss [65], similarly to the pattern seen in preterm infants [38]. The cord occluder was 

not inflated in the sham occlusion animals. All occlusions were performed at 0900 hours. 

Fetuses received either sterile isotonic saline with 0.1% BSA (vehicle) or rEpo (Janssen-

Cilag Ltd.) in vehicle solution, started from 30 min after asphyxia and continued for 72 h. 

Catheters were pre-infused with vehicle solution. rEpo or the same volume of vehicle was 

injected as a single loading bolus of 5000 IU by slow push over 5 min, followed by 

continuous i.v. infusion of 832.5 IU/h (2500 IU/mL at 0.333 mL/h).  

Fetal arterial blood samples were taken 60 min before occlusion, at 5 and 17 min during 

occlusion, and 10 min, 1, 2, 4, 6, 24, 48, and 72 hours after occlusion for pre-ductal pH, 
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blood gas, glucose, and lactate determination (ABL800 Flex analyzer, Radiometer). All 

fetuses had normal biochemical variables for their gestational age [751]. Fetal blood samples 

were collected on ice in EDTA vacutainers (Onelink) at the same times as above, for Epo 

measurements. Samples were centrifuged at 3000 rpm for 10 min at 4ºC (Heraeus Megafuge 

8R, Thermo Fisher Scientific Ltd.), and plasma was collected and stored at -80ºC.  

Three days after cord occlusion, the ewes and fetuses were killed by an overdose of sodium 

pentobarbitone (9 g, i.v. to the ewe; Pentobarb 300, Provet). The fetuses were removed by 

hysterectomy, and the fetus and selected organs were weighed. The brains were perfusion 

fixed in situ with saline followed by 500 mL of 10% phosphate buffered formalin. Brain 

tissue was post-fixed in 10% formalin solution for five to six days and then processed and 

embedded using a standard paraffin preparation. 

6.4.5. Immunohistochemistry 

Coronal slices (10 µm thick) at the level of the mid-striatum and dorsal hippocampus were 

cut using a microtome (Leica Jung RM2035, Leica Microsystems Ltd.), and mounted on 

chrome alum-coated slides. Slides were then dewaxed in xylene, rehydrated in decreasing 

concentrations of ethanol and washed in 0.1 mol/L PBS. Antigen retrieval was performed 

for 2 hours in 0.01 mol/L citrate buffer using an antigen retrieval system (2100 Retriever, 

Aptum Biologics Ltd.), followed by endogenous peroxidase quenching for 30 min through 

incubation in 1% H2O2 in methanol for NeuN, activated caspase-3, Iba1, GFAP, CNPase, 

and Ki67, and PBS for Olig2 (labels oligodendrocytes at all stages of the lineage) [353].  

Blocking was performed in 3% NGS (Life Technologies Ltd.) in PBS for 1 hour at room 

temperature. Sections were labeled with 1:200 rabbit anti-NeuN (AB177487, Abcam), 1:200 

rabbit cleaved caspase-3 (CTE9661S, Thermo Fisher Scientific Ltd.), 1:200 rabbit anti-Iba1 

(AB178680, Abcam), 1:200 rabbit anti-GFAP (AB68428, Abcam), 1:200 mouse anti-
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CNPase (AB6319, Abcam), 1:200 mouse anti-Ki67 (M7240, Dako Ltd.), and 1:200 rabbit 

anti-Olig2 (AB109186, Abcam) in 3% NGS-PBS, overnight at 4ºC. Sections were labeled 

with 1:200 goat anti-rabbit (NeuN, Caspase-3, Iba1, GFAP, and Olig2) or goat anti-mouse 

biotin-conjugated IgG (CNPase and Ki67; In Vitro Technologies) in 3% NGS-PBS, 

overnight at 4ºC. Slides were incubated in 1:200 ExtrAvidin-Peroxidase (Sigma-Aldrich) in 

3% NGS-PBS for 2 hours at room temperature, and DAB (Sigma-Aldrich). The reaction was 

stopped by washing in PBS, and slides dehydrated and mounted with DPX (Scharlab).  

Brain regions used for analysis included the mid-striatum (including the caudate nucleus and 

putamen), and the parasagittal intragyral white matter and periventricular white matter tracts 

on sections taken 23 mm anterior to stereotaxic zero. The cornu ammonis regions of the 

dorsal horn of the anterior hippocampus (CA1/2, CA3, CA4), the dentate gyrus and thalamus 

were assessed on sections taken 17 mm anterior to stereotaxic zero. Digital images were 

obtained from labeled sections by light microscopy at x20 magnification on a Nikon 80i 

microscope equipped with a DS-Fi1-U3 camera and NIS Elements Br 4.0 imaging software 

(Nikon Instruments), using four fields in the striatum (two each in the caudate nucleus and 

putamen), three fields in the white matter (two parasagittal intragyral, one periventricular), 

two fields in the thalamus (one medial geniculate nucleus, one medial nucleus), and one field 

in each of the respective hippocampal divisions.  

Numbers of surviving neurons (NeuN) and caspase-3-positive cells, total oligodendrocytes 

(Olig2) and immature and mature oligodendrocytes (CNPase), astrocytes (GFAP), microglia 

(Iba1), and proliferating cells (Ki67) were quantified using ImageJ software (National 

Institutes of Health) by a single assessor masked to the treatment groups through independent 

coding of the slides (GW). Average scores across both hemispheres from two sections were 

calculated for each region. The area fraction of GFAP was quantified using the isodata 
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threshold filter (ImageJ). NeuN-positive neurons were identified by the presence of normal 

appearing nuclei; pyknotic cells showing condensed nuclei or fragmented appearance were 

not counted. Microglia with either amoeboid or ramified morphology were both included. 

6.4.6. Erythropoietin measurements 

Fetal plasma concentrations of erythropoietin were measured in duplicate using the 

commercially available Quantikine human erythropoietin enzyme-linked immunosorbent 

assay (DEP00, R&D Systems), validated for fetal ovine plasma. All results were measured 

spectrophotometrically at 450 nm with the reference wavelength set at 570 nm. Samples 

were evaluated between 1:100 and 1:800 dilution, or undiluted as required; samples below 

the reported lower detection limit of the assay were assigned the value < 2.5 mIU/mL. Epo 

serum controls (CEP01 and 03, R&D Systems) validated the assay. The average correlation 

coefficient for the four-parameter logistic fitted standard curve (R2, 2.5-200 mIU/mL) was 

1; the intra-assay and inter-assay coefficients of variation were 1.7 and 6.2%, respectively. 

6.4.7. Data analysis and statistics 

All physiological analyses were performed using custom analysis programs (Labview for 

Windows), by an investigator (G.W.) blinded to the treatment groups through coding of all 

experimental animals. Electroencephalographic seizure activity was identified visually and 

defined as the concurrent appearance of sudden, repetitive, evolving stereotypic waveforms 

in the EEG signal, lasting more than 10 sec and greater than 20 µV [633]. Seizure burden 

was calculated as the cumulative duration (sec/hour) of seizures after asphyxia. Signal 

artefact prevented EEG analysis in two fetuses in the sham occlusion and occlusion-vehicle 

groups, and one fetus in the occlusion-Epo group. CaBF from one fetus in each occlusion 

group was also excluded due to poor signal quality. 
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 The effects of occlusion and rEpo on fetal physiological and histological parameters were 

evaluated by ANOVA, with time or region treated as repeated measure and baseline values 

as a covariate for time series analysis (SPSS v22, SPSS Inc.). Between-group comparisons 

were performed with univariate analysis and Sidak correction when a significant overall 

effect of group or an interaction between group and time was found. Seizure duration and 

fetal biological data were compared by non-parametric Kruskal-Wallis test. Data are 

presented as mean ± SEM. Statistical significance was accepted when P<0.05. 
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6.5. Results 

There were no significant baseline differences between groups for EEG, SEF, CaBF, CaVC, 

FHR, MAP, extradural temperature, pH, or arterial blood gases. Umbilical cord occlusion 

was associated with profound hypoxia and mixed metabolic and respiratory acidosis 

(P<0.05, Table 6.1), immediate bradycardia and progressive, severe hypotension (occlusion-

Epo 10.9 ± 0.6 vs. occlusion-vehicle 10.8 ± 1.2 mmHg, N.S.), and carotid hypoperfusion 

(8.6 ± 1.4 vs. 9.9 ± 1.8 mL/min, N.S.). The sham occlusion group showed no significant 

change from baseline (mean MAP; 32.6 ± 0.8 mmHg, and mean CaBF; 23.3 ± 1.7 mL/min, 

P<0.05 compared with occlusion). 

6.5.1. Blood composition  

After release of occlusion PaCO2, PaO2, arterial oxygen content and cephalic oxygen 

delivery recovered to sham occlusion values within 10 min, and pH and base excess 

recovered within one hour (Table 6.1). After reperfusion, in the occlusion-vehicle group 

cephalic oxygen delivery fell from 2 to 6 hours and 48 to 72 hours, compared with sham 

occlusion (P<0.05). In contrast, occlusion-Epo was associated with increased cephalic 

oxygen delivery compared to occlusion-vehicle from 48 to 72 hours (P<0.05). rEpo did not 

affect hemoglobin or hematocrit values (N.S.).  

Fetal plasma Epo levels remained below the detection limit of the immunoassay (< 2.5 

mIU/mL) in the occlusion-vehicle group during the study. rEpo infusion was associated with 

a rise in plasma Epo levels to a maximum of 32,639 ± 2886 mIU/mL after 30 minutes 

(Supplemental Figure 6.1) and was maintained at 25,061 ± 608 mIU/mL from 2 to 72 h. 
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Table 6.1. Fetal biochemical parameters before, during and after umbilical cord occlusion for 25 min. 
Group Baseline 17 Min +10 Min +1 h +2 h +4 h +6 h +24 h +48 h +72 h 

pH          
SHAM 7.37 ± 0.01 7.37 ± 0.01 7.36 ± 0.01 7.37 ± 0.01 7.37 ± 0.01 7.37 ± 0.01 7.37 ± 0.01 7.37 ± 0.00 7.37 ± 0.01 7.37 ± 0.01 
OCCL-VEH 7.38 ± 0.01 6.85 ± 0.02* 7.16 ± 0.02* 7.29 ± 0.02* 7.33 ± 0.02 7.39 ± 0.01 7.39 ± 0.01 7.36 ± 0.01 7.36 ± 0.01 7.35 ± 0.01 
OCCL-EPO 7.37 ± 0.00 6.86 ± 0.01* 7.17 ± 0.01* 7.31 ± 0.01* 7.36 ± 0.01 7.42 ± 0.00# 7.40 ± 0.01 7.37 ± 0.01 7.38 ± 0.01 7.37 ± 0.01 

PaCO2 (mmHg)          
SHAM 47.6 ± 0.7 45.5 ± 1.1 47.9 ± 1.1 48.1 ± 1.0 50.0 ± 0.9 49.3 ± 1.0 50.1 ± 0.9 50.3 ± 0.9 49.7 ± 1.4 49.4 ± 1.3 
OCCL-VEH 49.3 ± 1.4 133.7 ± 4.2* 54.6 ± 2.9 51.2 ± 3.3 51.5 ± 3.0 47.6 ± 1.9 49.4 ± 1.6 48.3 ± 1.2 46.3 ± 1.8 49.1 ± 1.7 
OCCL-EPO 49.6 ± 0.8 132.6 ± 4.3* 50.6 ± 1.0 46.4 ± 1.3 48.0 ± 1.2 47.1 ± 1.1 46.3 ± 1.6 47.5 ± 1.2 46.9 ± 1.1 48.4 ± 0.9 

PaO2 (mmHg)          
SHAM 25.0 ± 1.2 24.2 ± 0.8 24.8 ± 1.0 24.6 ± 0.7 23.5 ± 1.0 24.1 ± 1.0 24.9 ± 1.4 23.7 ± 1.1 24.3 ± 1.1 23.5 ± 1.4 
OCCL-VEH 24.3 ± 1.3 11.1 ± 0.8* 32.3 ± 1.6* 28.5 ± 1.9 25.4 ± 1.4 23.0 ± 1.8 23.3 ± 1.8 25.9 ± 2.0 27.0 ± 2.0 27.0 ± 2.0 
OCCL-EPO 25.2 ± 0.9 11.7 ± 0.9* 33.2 ± 0.7* 26.5 ± 1.1 24.9 ± 0.8 24.5 ± 0.7 25.5 ± 1.8 26.6 ± 1.5 26.5 ± 1.6 26.1 ± 1.7 

Base Excess (mmol/L)          
SHAM 1.5 ± 0.4 0.5 ± 0.5 0.7 ± 0.8 1.8 ± 0.4 2.8 ± 0.4 2.5 ± 0.6 2.9 ± 0.3 2.8 ± 0.5 2.4 ± 0.6 2.1 ± 0.4 
OCCL-VEH 2.3 ± 1.0 -11.6 ± 1.1* -9.7 ± 1.1* -2.9 ± 1.7* 0.6 ± 1.8 2.8 ± 1.0 4.1 ± 1.1 1.2 ± 1.2 0.4 ± 1.1 0.7 ± 0.7 
OCCL-EPO 2.2 ± 0.6 -10.9 ± 0.8* -10.5 ± 0.7* -3.4 ± 1.0* 1.2 ± 1.2 5.2 ± 0.6 3.2 ± 0.8 1.5 ± 0.6 2.0 ± 0.9 1.7 ± 0.7 

Lactate (mmol/L)          
SHAM 0.7 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 0.8 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 0.8 ± 0.0 0.8 ± 0.1 0.8 ± 0.1 
OCCL-VEH 0.9 ± 0.1 7.1 ± 0.4* 6.1 ± 0.4* 4.4 ± 0.6* 4.1 ± 0.8* 2.9 ± 0.7* 2.5 ± 0.6* 1.1 ± 0.2 0.9 ± 0.1 0.8 ± 0.1 
OCCL-EPO 0.9 ± 0.0 5.8 ± 0.7* 5.6 ± 0.5* 3.7 ± 0.9* 3.4 ± 0.6 1.6 ± 0.2 1.8 ± 0.2 1.0 ± 0.1 0.7 ± 0.1 0.7 ± 0.1 

Glucose (mmol/L)          
SHAM 1.0 ± 0.1 1.1 ± 0.1 1.1 ± 0.1 1.1 ± 0.1 1.1 ± 0.1 1.1 ± 0.1 1.2 ± 0.1 1.2 ± 0.1 1.2 ± 0.1 1.1 ± 0.1 
OCCL-VEH 1.0 ± 0.1 0.7 ± 0.1 1.6 ± 0.1 1.3 ± 0.1 1.4 ± 0.1 1.4 ± 0.1 1.4 ± 0.1 1.1 ± 0.1 1.2 ± 0.1 1.1 ± 0.1 
OCCL-EPO 0.9 ± 0.0 0.7 ± 0.2 1.8 ± 0.4* 1.0 ± 0.2 1.1 ± 0.1 1.1 ± 0.1 1.3 ± 0.1 1.0 ± 0.1 1.0 ± 0.1 0.8 ± 0.1 
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Hemoglobin (g/dL)          
SHAM 8.6 ± 0.1 8.6 ± 0.2 8.7 ± 0.3 8.5 ± 0.2 8.5 ± 0.2 8.5 ± 0.1 8.6 ± 0.1 8.7 ± 0.2 8.7 ± 0.3 8.5 ± 0.2 
OCCL-VEH 9.3 ± 0.5 9.5 ± 0.5 9.6 ± 0.6 9.9 ± 0.5 9.7 ± 0.5 9.2 ± 0.5 9.3 ± 0.7 9.1 ± 0.5 8.5 ± 0.4 8.7 ± 0.4 
OCCL-EPO 9.3 ± 0.5 9.7 ± 0.4 10.0 ± 0.7 9.7 ± 0.6 9.7 ± 0.6 9.4 ± 0.5 9.4 ± 0.5 9.5 ± 0.6 9.8 ± 0.7 10.2 ± 1.0 

Hematocrit (%)          
SHAM 25.3 ± 0.4 25.1 ± 0.7 25.6 ± 0.9 24.9 ± 0.7 25.2 ± 0.4 24.8 ± 0.4 25.0 ± 0.4 25.1 ± 0.5 25.1 ± 0.7 25.0 ± 0.6 
OCCL-VEH 27.4 ± 1.6 27.9 ± 1.4 28.2 ± 1.7 29.2 ± 1.6 28.6 ± 1.6 26.9 ± 1.5 27.3 ± 2.1 26.8 ± 1.5 25.0 ± 1.3 25.7 ± 1.2 
OCCL-EPO 26.8 ± 1.4 27.8 ± 1.4 29.4 ± 2.2 28.8 ± 1.8 28.4 ± 1.8 27.8 ± 1.6 27.5 ± 1.6 28.1 ± 1.7 28.9 ± 2.2 29.8 ± 2.9 

CtO2 (mmol/L)          
SHAM 3.9 ± 0.1 3.8 ± 0.1 3.8 ± 0.2 3.7 ± 0.2 3.6 ± 0.2 3.7 ± 0.1 3.9 ± 0.2 3.6 ± 0.1 3.7 ± 0.2 3.7 ± 0.2 
OCCL-VEH 3.5 ± 0.1 0.5 ± 0.0* 4.0 ± 0.2 4.1 ± 0.2 3.7 ± 0.2 3.4 ± 0.3 3.5 ± 0.3 3.7 ± 0.2 3.6 ± 0.2 3.7 ± 0.2 
OCCL-EPO 3.7 ± 0.2 0.5 ± 0.0* 4.3 ± 0.3 4.0 ± 0.2 4.0 ± 0.2 3.9 ± 0.2 3.9 ± 0.3 4.0 ± 0.2 4.0 ± 0.3 3.9 ± 0.4 

DO2 (µmol/min)          
SHAM 102.8 ± 10.6 114.0 ± 12.5 110.2 ± 13.2 106.7 ± 11.4 105.2 ± 11.5 112.6 ± 15.1 122.6 ± 16.7 121.6 ± 15.0 133.6 ± 16.2 140.1 ± 18.7 
OCCL-VEH 101.6 ± 5.5 7.8 ± 1.1* 152.9 ± 7.4 113.2 ± 7.4 62.1 ± 7.3* 68.2 ± 6.2* 73.4 ± 4.6* 83.4 ± 8.7 83.0 ± 7.6* 91.2 ± 8.9 
OCCL-EPO 105.8 ± 10.0 5.9 ± 1.0* 149.2 ± 21.1 117.9 ± 17.6 86.5 ± 13.1 74.8 ± 10.7 77.6 ± 12.4 94.4 ± 14.1 125.0 ± 10.2$ 142.3 ± 9.6$ 

Fetal arterial blood samples were drawn from the sham occlusion (sham), occlusion-vehicle (occl-veh), and occlusion-erythropoietin (occl-Epo) 
animals at 60 min before the occlusion (baseline), 17 min during umbilical cord occlusion, and 10 min, 1, 2, 4, 6, 24, 48, and 72 hours after 
reperfusion. The 5 min blood sample during cord occlusion was omitted for brevity. PaCO2, fetal arterial pressure of carbon dioxide; PaO2, fetal 
arterial pressure of oxygen; CtO2, fetal arterial oxygen content; DO2, cephalic oxygen delivery. Data are presented as mean ± SEM; between-group 
comparisons by one-way ANOVA with Sidak post-hoc correction. *P<0.05 vs. sham-occlusion group; $P<0.05 vs. occlusion-vehicle group; 
#P<0.05 vs. sham-occlusion and occlusion-vehicle groups. 
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6.5.2. EEG power and SEF 

Severe asphyxia was associated with immediate, rapid suppression of EEG power and SEF, 

compared to sham occlusion (P<0.05 vs. occlusion groups). After occlusion, EEG power 

and SEF remained significantly suppressed in the occlusion-vehicle group from 0 to 72 h 

(P<0.05 vs. sham occlusion; Figure 6.1). In contrast, rEpo infusion was associated with more 

rapid recovery of EEG power and SEF after asphyxia, such that EEG power was increased 

from 24 to 48 hours (P<0.05 vs. occlusion-vehicle), and SEF from 54 hours until the end of 

the experiment (P<0.05 vs. occlusion-vehicle). 

6.5.3. Electrographic seizures  

Stereotypical seizures developed from 12.5 ± 5.4 hours in the occlusion-Epo group in 3/7 

fetuses compared to 14.4 ± 3.9 hours in 7/7 fetuses in the occlusion-vehicle group (N.S.). 

Occlusion-Epo was associated with a significant reduction in both the total number of 

seizures compared to occlusion-vehicle (16.3 ± 10.5 vs. 44.1 ± 9.0; P<0.05) and the total 

seizure burden (13.3 ± 10.7 vs. 38.9 ± 8.3 min; P<0.05, Supplemental Figure 6.2). There was 

no effect on duration of individual seizures (40 ± 10 vs. 54 ± 5 sec; N.S.) or maximum seizure 

amplitude (183 ± 58 vs. 169 ± 13 µV; N.S.). 

6.5.4. Extradural temperature 

There were no significant differences in extradural temperature between groups, either 

before, during, or after asphyxia (Supplemental Figure 6.2). 

6.5.5. FHR, MAP, CaBF and CaVC 

In both occlusion groups, FHR showed transient tachycardia followed by a small secondary 

reduction from 18 to 30 hours compared with sham occlusion (P<0.05, Supplemental Figure 

6.2). Release of occlusion was associated with a transient increase in MAP above sham 
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control values in both occlusion groups. In the occlusion-vehicle group, MAP remained at 

sham control values for the remainder of the experiment. By contrast, occlusion-Epo was 

associated with a small increase in MAP from 6 to 29 hours after occlusion (P<0.05 vs. 

occlusion-vehicle, Supplemental Figure 6.2).  

Release of umbilical cord occlusion was associated with a prolonged secondary fall in CaBF 

and CaVC (Figure 6.1), from 0-72 hours and 0-60 hours, respectively, compared to sham 

occlusion (P<0.05). The occlusion-Epo group showed progressive recovery of both CaBF 

and CaVC to sham control values, with values that were greater than occlusion-vehicle from 

30 to 72 hours and 48 to 72 hours, respectively (P<0.05; Figure 6.1). 
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Figure 6.1. Changes in electroencephalographic power (ΔEEG power, dB), spectral edge 
frequency (ΔSEF, Hz), carotid blood flow (CaBF, % baseline), and carotid vascular 
conductance (CaVC, % baseline) in sham occlusion (open circles), occlusion-vehicle (closed 
circles), and occlusion-Epo animals (closed squares). Time point zero denotes the period (25 
min) of umbilical cord occlusion. Epo; erythropoietin. Data are hour averages and presented 
as mean ± SEM. *P<0.05, occlusion-vehicle vs. sham occlusion; #P<0.05, occlusion-Epo 
vs. sham occlusion; $P<0.05, occlusion-vehicle vs. occlusion-Epo. 
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6.5.6. Post-mortem  

There was no significant difference in fetal body weight, heart or kidney weights, fetal sex 

or number of fetuses between experimental groups at post-mortem (Supplemental Table 6.1). 

Brain weight was reduced in the occlusion-vehicle group compared with sham occlusion 

(25.2 ± 0.7 g vs. 29.3 ± 0.9 g; P<0.05); the occlusion-Epo group showed intermediate values 

between the other groups (26.4 ± 0.8 g; N.S.). Occlusion-Epo was associated with a 

significant increase in fetal liver weight, compared to sham occlusion and occlusion-vehicle 

(106.8 ± 6.9 g vs. 64.2 ± 3.6 g and 76.7 ± 3.0 g; P<0.05). 

6.5.7. Histopathology 

Occlusion was associated with neuronal loss in the striatal caudate nucleus, CA1/2, CA3, 

CA4, DG of the hippocampus, and thalamic medial nucleus (P<0.05, occlusion-vehicle vs. 

sham occlusion, Figures 6.2 and 6.3). In the occlusion-Epo group, neuronal survival was 

increased overall (P<0.05 vs. occlusion-vehicle). Post-hoc analysis suggested a significant 

improvement in the striatal caudate nucleus, CA3 and DG of the hippocampus, and thalamic 

medial nucleus. Analysis of the occlusion groups only showed an independent effect of rEpo 

(P<0.001) but no significant interaction between rEpo and region, consistent with overall 

improvement. In parallel with changes in neural survival, occlusion-vehicle was associated 

with an overall increase in numbers of caspase-3-positive cells (P<0.05 vs. sham occlusion, 

Figure 6.2 and Supplemental Figure 6.3), with an overall reduction of caspase-3 induction 

in the occlusion-Epo group (P<0.05 vs. occlusion-vehicle).  

Occlusion was associated with the marked loss of total, Olig2-positive, oligodendrocytes 

(P<0.05, occlusion-vehicle vs. sham occlusion, Figures 6.4 and 6.5), and CNPase-positive, 

immature to mature oligodendrocytes (P<0.05, occlusion-vehicle vs. sham occlusion, 

Figures 6.4 and 6.5) in white matter. The occlusion-Epo group showed significantly greater 
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total numbers of oligodendrocytes (P<0.05 vs. occlusion-vehicle). In contrast, rEpo after 

occlusion had no effect on numbers of immature to mature oligodendrocytes in any white 

matter regions (N.S. vs. occlusion-vehicle). Occlusion was associated with a small increase 

in numbers of activated caspase-3-positive cells in the white matter tracts compared to sham 

occlusion (1.9 ± 0.2 vs. 1.0 ± 0.1 cells/field; P<0.05), which was reduced after rEpo infusion 

(1.3 ± 0.2 cells/field; P<0.05 vs. occlusion-vehicle).  

Further, occlusion was associated with an overall increase in numbers and area fraction of 

GFAP-positive cells in white matter tracts (P<0.05, occlusion-vehicle vs. sham occlusion, 

Figures 6.4 and 6.6). rEpo reduced numbers of GFAP-positive cells and GFAP-positive area 

fraction to sham control values (P<0.05, occlusion-Epo vs. occlusion-vehicle). Similarly, the 

cord occlusion was associated with marked induction of Iba1-positive microglia in the white 

matter tracts (P<0.05 vs. sham occlusion, Figures 6.4 and 6.6), with an attenuation of this 

increase in the occlusion-Epo group (P<0.05 vs. occlusion-vehicle).  

Finally, occlusion-vehicle did not affect the number of Ki67-positive cells compared to sham 

occlusion animals (N.S.). In contrast, occlusion-Epo was associated with markedly increased 

numbers of Ki67-positive cells in the periventricular and parasagittal white matter, compared 

with sham occlusion and occlusion-vehicle (P<0.05, Figures 6.4 and 6.5). 
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Figure 6.2. Neuronal (NeuN, panel A) and activated caspase-3 (panel B) -positive cell counts 
in the striatal caudate nucleus and putamen, CA1/2, CA3, CA4 and dentate gyrus (DG) of 
the hippocampus, thalamic medial nucleus (MN) and medial geniculate nucleus (MGN) in 
the sham occlusion, occlusion-vehicle and occlusion-Epo groups 3 days after asphyxia. Epo; 
erythropoietin. Data are presented as mean ± SEM. *P<0.05 vs. sham occlusion; $P<0.05 
vs. occlusion-vehicle. 
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Figure 6.3. Photomicrograph of neurons (NeuN-positive cells) in the striatal caudate nucleus 
(caudate, panel A-C), putamen (panel D-F), CA1/2 (panel G-I), CA3 (panel J-L), CA4 (panel 
M-O), dentate gyrus (DG, panel P-R) of the hippocampus, thalamic medial nucleus (MN, 
panel S-U) and medial geniculate nucleus (MGN, panel V-X) from the sham occlusion (left 
column), occlusion-vehicle (middle column), and occlusion-Epo (right column) groups three 
days after severe asphyxia. Epo; erythropoietin. Scale bar is 200 µm. 
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Figure 6.4. Astrocyte cell counts and area fraction (GFAP, panel A and B), microglia (Iba1, 
panel C), total oligodendrocytes (Olig2, panel D), immature and mature oligodendrocytes 
(CNPase, panel E), and proliferating cell counts (Ki67, panel F) in periventricular (PVWM), 
and first and second parasagittal white matter (IGWM 1-2) of the sham occlusion, occlusion-
vehicle and occlusion-Epo groups 3 days after severe asphyxia. GFAP; glial fibrillary acidic 
protein. The data are presented as mean ± SEM. *P<0.05 vs. sham occlusion; $P<0.05 vs. 
occlusion-vehicle; #P<0.05 vs. sham occlusion and occlusion-vehicle groups. 
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Figure 6.5. Photomicrographs of total oligodendrocytes (Olig2-positive cells, panel A-F), 
immature and mature oligodendrocytes (CNPase-positive cells, panel G-L), and total 
proliferating cells (Ki67-positive cells, panel M-R) in the periventricular (PVWM) and 
intragyral white matter (IGWM) from sham occlusion (left column), occlusion-vehicle 
(middle column), and occlusion-Epo (right column) animals at three days after asphyxia. 
Representative images for IGWM were taken from the first parasagittal white matter (Olig2), 
and second parasagittal white matter (CNPase, Ki67). Scale bar is 200 µm. 
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Figure 6.6. Photomicrographs of astroglial (GFAP-positive cells, panel A-F) and microglial 
cells (Iba1-positive cells, panel G-L) in the periventricular (PVWM) and intragyral white 
matter (IGWM) from sham occlusion (left column), occlusion-vehicle (middle column), and 
occlusion-Epo (right column) animals three days after asphyxia. Representative images for 
IGWM were taken from the second parasagittal white matter. Scale bar is 200 µm. 
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6.6. Discussion 

This study demonstrates for the first time that continuous infusion with rEpo in preterm fetal 

sheep, started 30 min after severe asphyxia and continued for 72 hours, was associated with 

partial neuroprotection in subcortical regions and improved numbers of oligodendrocytes in 

the periventricular and parasagittal white matter tracts, after 3 days recovery. rEpo enhanced 

cellular proliferation, reduced numbers of activated caspase-3-positive cells, and attenuated 

induction of astrocytes and microglia in the white matter tracts. Functionally, rEpo infusion 

markedly reduced the seizure burden, with faster recovery of electrocortical brain activity 

and cephalic perfusion. These data suggest that delayed treatment with rEpo, started within 

the early recovery phase and continued for three days to reflect a clinically plausible timing, 

can reduce hypoxic-ischemic white and subcortical grey matter injury in the immature brain, 

at least partially through anti-inflammatory and anti-apoptotic mechanisms. 

Prolonged umbilical cord occlusion was associated with selective neuronal loss in the 

striatum, hippocampus and thalamus, with diffuse loss of total and immature to mature 

oligodendrocytes, and induction of astrocytes and microglia in the periventricular and 

parasagittal white matter, similarly to previous studies [192]. Continuous i.v. infusion with 

rEpo started 30 min after occlusion was associated with sustained concentrations similar to 

levels achieved transiently after a single i.v. injection in healthy preterm fetal sheep, which 

led to potentially neuroprotective cerebrospinal fluid concentrations after 2.5 hours [371], 

although the effect on recovery from HI was not tested. We now show that a three-day 

infusion of rEpo markedly reduced post-asphyxial neuronal loss in most subcortical regions 

in preterm fetal sheep, despite a 30-min delay after the end of asphyxia. Although this is the 

first study of rEpo after HI in a preterm-equivalent large animal, it is broadly consistent with 

the finding in P7 rats that optimal protection was seen with 3x repeated daily doses of 5000 

IU/kg when the first injection was given immediately after HI [384]. The present study did 
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not directly evaluate the effect of intermittent boluses; further studies are needed to establish 

the optimal therapeutic regimen with rEpo for neuroprotection. 

Erythropoietin promotes expression of anti-apoptotic relative to pro-apoptotic genes and 

inhibits caspase activation with DNA fragmentation after HI injury [404; 639]. Consistent 

with these effects, in the present study, rEpo improved neuronal survival with an overall 

reduction in numbers of caspase-3-positive cells. Interestingly, in post-hoc analysis, the 

CA1/2 region of the hippocampus did not appear to show any improvement in neuronal 

survival. The reason for this apparent selective lack of neuroprotection is unclear. The Epo 

receptor is highly expressed in the hippocampus [550] and there is no evidence for lack of 

penetration into the hippocampus [583]. Thus, it is improbable that there was a regional 

difference in rEpo activity. We speculate that this lack of neuroprotection might reflect 

relatively rapid evolution of cell death, in a region that is highly vulnerable to HI [387]. 

There was a significant loss of both total (Olig2-labeled) oligodendrocytes and CNPase-

labeled immature / mature oligodendrocytes, in the periventricular and parasagittal white 

matter at three days after occlusion. The prolonged infusion of rEpo was associated with a 

striking restoration of the number of Olig2-labeled oligodendrocytes in the white matter 

tracts, but had no effect on loss of CNPase-labeled immature / mature oligodendrocytes after 

occlusion. The reported mechanisms of acute white matter protection with rEpo include anti-

apoptotic and anti-inflammatory effects [463; 202; 734]. Consistent with this, in the present 

study, there was an overall reduction in activated caspase-3-positive cells, microgliosis and 

astrogliosis in white matter after rEpo infusion. Post-mortem analysis of preterm brain injury 

in modern cohorts strongly suggests that astrocytosis in white matter is associated with arrest 

of oligodendroglial maturation [27]. Thus, reduced astrocytosis may contribute to improved 

long-term recovery. Of interest, within both the intragyral and periventricular white matter 
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tracts, rEpo was associated with a significant overall increase in proliferating cells compared 

with vehicle infusion. Collectively, these findings suggest that in addition to reducing acute 

oligodendroglial death, rEpo stimulated proliferative regeneration of pre-oligodendrocytes, 

although it did not prevent asphyxia-induced death of immature / mature oligodendrocytes. 

A limitation of this research study is that, for technical reasons, we were not able to label 

pre-oligodendrocytes. However, this hypothesis is highly consistent with considerable in 

vitro and in vivo evidence that Epo promotes oligodendrogenesis [344; 275] and survival 

and maturation of immature oligodendrocytes [807; 374; 354]. Further, the selective lack of 

protection of immature and mature oligodendrocytes in the present study is consistent with 

a previous report in adult rats which showed that high-dose rEpo (5000 IU/kg) injection after 

stroke did not reduce loss of CNPase-positive oligodendrocytes in the striatum and corpus 

callosum at seven days, even though it improved long-term recovery of myelinating 

oligodendrocytes [807]. The reasons for lack of protection of more mature oligodendrocytes 

are unknown, but may be related to maturational loss of Epo receptors [499; 683]. 

Severe asphyxia was associated with long-lasting suppression of EEG activity and SEF, with 

delayed onset of evolving seizures. These features are highly predictive of adverse outcomes 

in term and preterm infants [339; 495]. Infants who show recovery of EEG background 

activity within 48 hours after hypoxic-ischemia have better long-term outcomes than those 

neonates that develop seizures and persistent suppression of background activity [727; 495]. 

Thus, the greatly reduced seizure burden and faster recovery of EEG power and SEF during 

rEpo infusion are highly consistent with reduced white and grey matter damage. 

Faster recovery of brain activity with rEpo was also associated with gradual restoration of 

CaBF and DO2 to sham occlusion values. This improvement was mediated by improved 

vascular conductance, with no change in fetal hematocrit. This combination of improved 
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brain activity and blood flow strongly infers that increased CaBF was an autoregulatory 

adjustment to support improving cerebral metabolism rather than a direct effect of rEpo. This 

is highly consistent with evidence in term-equivalent fetal sheep that greater post-ischemic 

histological neuroprotection with early initiation of cerebral cooling was associated with 

improved recovery of EEG activity and CaBF after rewarming [298]. 

There is reassuring evidence that three doses of 2500 IU/kg did not increase the risk of 

complications of prematurity in extremely low-birth weight infants [583]. Similarly, in the 

present study, there were few systemic effects. The infusion of high-dose rEpo for three days 

was associated with a small increase in mean arterial blood pressure (of ~3.6 mmHg). This 

was not related to changes in fetal hemoglobin or hematocrit. Given that heart rate was 

normal or modestly reduced after occlusion in the present study, the increase in arterial blood 

pressure during rEpo infusion must be related to either a small increase in peripheral vascular 

resistance or to enhanced stroke volume. rEpo increased contractility and reduced tissue 

injury after myocardial HI in adult mice and rats [681; 570], suggesting that there would be 

value in assessing the effects of rEpo on the neonatal heart after perinatal asphyxia. 

Further, in the present study, rEpo infusion was associated with increased liver size at post-

mortem. Tissues were not kept for histology; however, potentially this reflects stimulation 

of hepatic erythropoiesis. This finding is consistent with a previous report of increased liver 

size in male rats after repeated daily injections for the first five days of life with 5000 IU/kg 

rEpo [473]. We found no difference in extradural temperature between experimental groups; 

thus excluding the possibility that rEpo-mediated protection was confounded by cooling. 

Some potential limitations of this study should be considered. Post-asphyxial white matter 

and neural injury may continue to progress over days to weeks [753]. Thus, in future studies, 

it will be important to assess whether the protection was maintained after the end of the rEpo 
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infusion. Nevertheless, although the continued expression of apoptotic caspase-3-labeled 

cells is consistent with some ongoing injury, the absolute numbers of apoptotic cells was 

very low. Further, this study shows that despite rEpo infusion, after three days recovery there 

was loss of more mature oligodendrocytes. Thus, longer recovery times are also important 

to confirm whether rEpo improves maturation of pre-oligodendrocytes after severe HI [27]. 

Finally, it is important to appreciate that the present study targeted acute isolated asphyxial 

injury at a moderately preterm stage of brain development. Future studies are needed to 

examine the effects of rEpo on the normal brain, the impact of greater delay in starting 

treatment, and the potential to improve outcome after the rather complex inflammatory 

insults that are more common in extremely preterm infants [450]. These issues will be 

particularly relevant for clinical trials of rEpo in extremely premature infants, where 

typically all infants within the selected gestational age range are treated [741]. 

In summary, the present study demonstrates for the first time that infusion of high-dose rEpo 

for three days after prolonged asphyxia improves survival of subcortical neurons and total 

oligodendrocytes in white matter tracts in the preterm fetal sheep with a corresponding 

improvement in the recovery of electrocortical brain activity and CaBF. These improved 

outcomes were at least partially mediated through anti-apoptotic and anti-inflammatory 

mechanisms, while the recovery of total numbers of oligodendrocytes was also associated 

with increased white matter proliferation. These research findings support rEpo as a potential 

therapeutic intervention for preterm infants after HI. 
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6.7. Data Supplement 

6.7.1. Supplemental figures 
 

 

Supplemental Figure 6.1. Fetal plasma Epo concentrations (in mIU/mL) in the occlusion-
vehicle (closed circles) and occlusion-Epo (closed squares) animals at 60 minutes before the 
occlusion (baseline), and 1, 2, 4, 6, 24, 48, and 72 h after umbilical cord occlusion. rEpo was 
administered intravenously (i.v.) from 30 min until 72 h (loading bolus 5000 IU, followed 
by an infusion of 833.25 IU/h (2500 IU/mL at 0.333 mL/h)). Data are mean ± SEM. 
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Supplemental Figure 6.2. Changes in seizure burden (sec/h), extradural temperature (ºC), 
fetal heart rate (FHR, bpm), and mean arterial pressure (MAP, mmHg) in the sham occlusion 
(open circles), occlusion-vehicle (closed circles) and occlusion-Epo groups (closed squares). 
Time point zero denotes the 25 minute period of cord occlusion. The data are hour averages 
and presented as the mean ± SEM. *P<0.05, occlusion-vehicle vs. sham occlusion; #P<0.05, 
occlusion-Epo vs. sham occlusion; $P<0.05, occlusion-vehicle vs. occlusion-Epo. 
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Supplemental Figure 6.3. Photomicrographs of caspase3-positive cells in the striatal caudate 
nucleus (caudate, panel A-C) and putamen (panel D-F), CA1/2 (panel G-I), CA3 (panel J-
L), CA4 (panel M-O) and dentate gyrus (DG, panel P-R) of the hippocampus, and thalamic 
medial nucleus (MN, panel S-U) and medial geniculate nucleus (MGN, panel V-X) from the 
sham occlusion (left column), occlusion-vehicle (middle column), and occlusion-Epo (right 
column) animals at 3 days after severe asphyxia. Scale bar is 200 µm.
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6.7.2. Supplemental tables 

Supplemental Table 6.1. Fetal post-mortem findings. 

Group N Fetus (g) Brain (g) Heart (g) Liver (g) Kidney (g) Singleton : Twin Female : Male 

SHAM 9 1507 ± 54 29.3 ± 0.9 13.0 ± 0.8 64.2 ± 3.6 7.7 ± 0.6 7 : 2 4 : 5 

OCCL-VEH 9 1680 ± 106 25.2 ± 0.7* 12.2 ± 0.5 76.7 ± 3.0 7.3 ± 0.4 8 : 1 5 : 4 

OCCL-EPO 8 1460 ± 64 26.4 ± 0.8 13.1 ± 0.6 106.8 ± 6.9# 7.1 ± 0.2 4 : 4 6 : 2 

Fetal biological parameters for the sham occlusion (sham), occlusion-vehicle (occl-veh), and occlusion-erythropoietin (occl-Epo) animals. Weights 
are gram (g). Data are mean ± SEM; between-group comparisons by Kruskal-Wallis ANOVA. *P<0.05 vs. sham occlusion; #P<0.05 vs. sham 
occlusion and occlusion-vehicle. 
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7.1. Preface 

Current clinical protocols for “therapeutic” hypothermia are incompletely neuroprotective, 

reducing the risk of death and severe disability at 18 months of age by approx. ~12%, from 

58% to 47% [205]. Consequently, many babies continue to die, or survive with neurological 

handicap despite receiving treatment. New neuroprotective agents that can further reduce 

the burden of HI damage are necessary to build upon hypothermic neuroprotection. In this 

study, I examined the hypothesis that a delayed, prolonged infusion with recombinant human 

erythropoietin after global cerebral ischemia would reduce grey matter damage and improve 

electrophysiologic recovery in term-equivalent fetal sheep. I then tested whether the delayed 

combined treatment with rEpo plus cooling would augment hypothermic neuroprotection. 

This chapter is in preparation as a manuscript for peer-reviewed publication. 
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7.2. Abstract 

Clinical hypothermia protocols for acute hypoxic-ischemic encephalopathy are incompletely 

neuroprotective. Recombinant human erythropoietin (rEpo) is neuroprotective in neonatal 

animals, but it remains unclear whether combined treatment with cerebral hypothermia can 

further improve outcome. Near-term (0.8 gestation) fetal sheep received sham ischemia or 

global cerebral ischemia for 30 min (ischemia-vehicle), followed by intravenous infusion of 

rEpo (ischemia-Epo, 5000 IU/kg estimated fetal weight bolus dose, then 833.3 IU/kg/h), 

cerebral hypothermia (ischemia-hypothermia), or rEpo plus hypothermia (ischemia-Epo-

hypothermia), starting from 3 h and continued until 72 h after ischemia. Cerebral ischemia 

was associated with severe neuronal loss and induction of microglia in the parasagittal cortex 

(P<0.05). Hypothermia reduced both neuronal loss and reactive microglial induction in the 

parasagittal cortex (P<0.05), with greater recovery of electroencephalographic (EEG) power 

and spectral edge frequency (SEF) from 48 hours onwards (P<0.05). rEpo partially improved 

neuronal survival and reduced the induction of Iba1-positive microglia (P<0.05), with faster 

recovery of SEF from 120 hours onwards. Ischemia-Epo-hypothermia was not significantly 

different from ischemia-hypothermia for any outcome. These findings suggest that delayed, 

prolonged treatment with either induced cerebral hypothermia or rEpo offer significant but 

non-additive neuroprotection after cerebral ischemia in near-term fetal sheep. 
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7.3. Introduction 

There is now compelling clinical evidence that induced hypothermia significantly reduces 

death and neurological disability in term neonates with moderate to severe HIE [690], with 

improved neurocognitive functioning in middle childhood [22]. However, current clinical 

hypothermia protocols are incompletely neuroprotective, and so it is essential to explore new 

protective agents which have potential to augment hypothermic neuroprotection [167]. 

In postnatal day-7 rats, peripheral rEpo injection immediately after HI is neuroprotective 

over a wide dose range, from 1000 to 30,000 IU/kg [583]. However, repeated injection with 

3 daily doses of 5000 IU/kg started immediately after HI was most neuroprotective [384], 

while protection was largely lost when single injection with rEpo was delayed for 1-3 h [7]. 

These findings parallel the previous experience with therapeutic hypothermia where optimal 

protection is achieved when cooling is begun as early as possible during the latent phase and 

continued until secondary events like seizures have resolved, after approx. 72 h [753]. 

Despite the encouraging evidence that rEpo is neuroprotective [583], there is conflicting 

evidence whether rEpo can augment hypothermic neuroprotection. In P7 rats, concurrent 

rEpo and hypothermia treatment immediately after HI did not improve the histological or 

behavioral outcomes [225], and had borderline effects on sensorimotor function [224]. In 

contrast, combined rEpo plus hypothermia in asphyxiated P7 rat pups was associated with 

greater hippocampal neuroprotection than mild hypothermia [673]. In non-human primates 

asphyxiated before birth, whole-body cooling plus rEpo also reduced death and disability; 

however, outcomes were not significantly better than hypothermia alone [713].  

Treatment in these studies was begun earlier than has been possible in human clinical trials 

of neuroprotection. For example, cooling was started within 4 h of birth in approximately 

12% of newborn infants in a large randomized controlled trial [271]. Furthermore, previous 
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studies used intermittent injections based on the relatively long half-life of rEpo with high-

dose therapy [782]. This is associated with substantial variation in plasma Epo concentration, 

and thus it is possible that a sustained infusion might provide more stable rEpo exposure and 

improve neuroprotection, even after delayed initiation of treatment. 

Thus in the present study, we examined the hypothesis that a prolonged high-dose infusion 

with rEpo would reduce neuronal injury and improve EEG recovery at 7 days after 30 min 

of cerebral ischemia in term-equivalent fetal sheep, when started after a clinically realistic 

delay of 3 hours and continued until 72 hours. In addition, we investigated whether delayed 

co-treatment with rEpo plus cooling would augment hypothermic neuroprotection. 
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7.4. Materials and Methods 

7.4.1. Experimental preparation 

All animal procedures were approved by the Animal Ethics Committee of The University of 

Auckland under the provisions of 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. This manuscript complies with the ARRIVE guidelines for 

reporting animal research [391]. In brief, 41 time-mated Romney/Suffolk fetal sheep from 

the university approved farm, were instrumented at 124.5 ± 0.3 days gestation (term = 147 

days). Food, but not water was withdrawn 18 hours before surgery. Ewes were administered 

oxytetracycline (20 mg/kg, Phoenix Pharm.) intramuscularly for prophylaxis 30 min before 

starting surgery. Anesthesia was induced by i.v. injection of Propofol (5 mg/kg, AstraZeneca 

Ltd.), and after intubation, general anesthesia maintained using 2-3% isoflurane (Medsource) 

in O2. The depth of anesthesia, maternal heart rate and respiration were constantly monitored 

by anesthetic staff, and ewes received a saline drip (250 mL/h) to maintain fluid balance.  

All surgical procedures were performed using sterile technique as previously detailed [751]. 

Following a maternal midline abdominal incision, the fetus was exposed and the fetal right 

brachial vein and both brachial arteries catheterized with polyvinyl catheters for pre-ductal 

blood sampling, blood pressure measurements, and drug infusion. An amniotic catheter was 

also secured to the fetal shoulder. ECG electrodes (AS633-3SSF, Cooner Wire Company) 

were placed subcutaneously over the right shoulder and chest at apex level and sewn across 

the chest to record the fetal heart rate. The vertebral-occipital anastomoses were ligated, and 

occluder cuffs were placed around both common carotid arteries as previously described 

[777]. An ultrasonic flow probe (3S type, Transonic Systems Inc.) was also placed around 

the left carotid artery as an index of global cephalic blood flow [720; 157]. EEG electrodes 

(AS633-7SSF, Cooner Wire Company) were placed on the dura over the parasagittal parietal 
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cortex (10 mm and 20 mm anterior to bregma, and 10 mm lateral), with a reference electrode 

sewn over the occiput. A final pair of electrodes (AS633-3SSF, Cooner Wire Company) was 

placed over the dura 5 mm lateral to the EEG electrodes to measure cortical impedance. The 

cortical impedance of tissue rises as cells depolarize and fluid shifts from the extracellular 

to intracellular space, and thus impedance represents a measure of cytotoxic edema [778]. 

One pair of electrodes was sewn in the nuchal muscle to record EMG activity. A thermistor 

(IncuTemp-1, Mallinckrodt Pharmaceuticals) was placed over the parasagittal dura 30 mm 

anterior to bregma to measure fetal extradural temperature, and a second thermistor was 

inserted into the esophagus to the level of the heart, to measure core body temperature. All 

burr holes were then sealed and the fetal scalp secured with cyanoacrylate glue. Finally, a 

cooling coil constructed from medical grade silicon tubing (3 mm internal diameter, 6 mm 

external diameter, Bamford Ltd.) was secured over the fetal cranium from the bridge of the 

nose to the occipitalis muscle and laterally to the level of the external auditory meatus. 

The uterus was closed and gentamicin sulphate (80 mg, Pfizer) was administered into the 

amniotic sac. All amniotic fluid lost during surgery was replaced with sterile isotonic saline 

warmed to 37°C. The maternal laparotomy incision was then repaired and the skin infiltrated 

with 10 mL of the local acting analgesic Marcain (0.25% bupivacaine plus adrenaline, 

AstraZeneca Ltd.). The maternal saphenous vein was catheterized for post-operative care, 

and all fetal leads were exteriorized through the maternal flank.  
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7.4.2. Post-operative care 

The sheep were housed together in separate metabolic cages with free access to water and 

concentrate pellet feed (Dunstan Nutrition) ad libitum. The large animal housing facility was 

temperature-controlled (16 ± 1ºC, humidity 50 ± 10%), and operated on a 12 hour light-dark 

cycle at all times (6 am on, 6 pm off). During the post-operative period before experiments, 

all ewes were given daily i.v. antibiotics, including gentamicin sulphate (40 mg for 2 days, 

Pfizer) and benzylpenicillin sodium (600 mg for 4 days, Onelink). All fetal vascular catheters 

were maintained by continuous infusion of heparinized saline (20 IU/mL at 0.15 mL/h), and 

the maternal saphenous catheter was maintained through daily flushing. 

7.4.3. Experimental recordings 

Experiments were conducted at 128.9 ± 0.1 days gestation. Fetal MAP, adjusted for maternal 

movement via subtraction of amniotic pressure (MDX-MX866; Medex Inc.), CaBF, ECG, 

EEG, EMG, impedance and temperatures were recorded continuously from 24 h before the 

experiment until 168 hours afterwards. The MAP signal was low-pass filtered at 20 Hz and 

digitized at a sampling rate of 512 Hz (with analogue-digital cards, National Instruments 

Corp.). The analogue ECG signal was filtered between 0.05 and 100 Hz, and digitized at 512 

Hz. The analogue EEG signal was filtered between 1.6 and 50 Hz, and digitized at a sampling 

rate of 512 Hz. EEG power and SEF were then extracted from the power spectrum between 

1.0-20 Hz, using four second(s) epochs. The EEG power signal was log transformed (dB, 20 

x log (intensity)) [775]. SEF was defined as the frequency below which 90% of EEG power 

resided. Data from left and right EEG electrodes were averaged and normalized with respect 

to the 24 h baseline period. The EMG signal was band-pass filtered between 100-1 kHz and 

integrated using a time constant of 0.1 sec. All data were collected by computer workstations 

with custom acquisition software (Labview for Windows, National Instruments Corp.).  
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7.4.4. Experimental protocols 

Fetuses were randomly assigned to either sham-ischemia (n = 9), ischemia-vehicle (n = 8), 

ischemia-Epo (n = 8), ischemia-hypothermia (n = 8), or ischemia-Epo-hypothermia (n = 8) 

groups. Cerebral ischemia was induced for 30 min by inflation of the carotid occluders, and 

confirmed by the onset of an isoelectric EEG within 30 sec of inflation. The occluders were 

not inflated in the sham experiments. All experiments were undertaken at 09:00 h. 

Cerebral cooling was started 3 h after reperfusion and continued until 72 h after the start of 

ischemia in the hypothermia groups. Cooling was performed by linking the cooling coil with 

a water pump (GD120, Grant Instruments Ltd.) that was placed in a bath refrigerated with 

an immersion cooler (Grant Instruments Ltd.), and circulating cold water through the cooling 

coil. The target extradural temperature was titrated to between 31-33°C in the first 2 hours 

of cooling. Cooled water was not circulated in the normothermic groups. Fetuses received 

either sterile isotonic saline with 0.1% BSA (vehicle) or rEpo (Janssen-Cilag Ltd.) in vehicle 

solution, from 3 h after reperfusion until 72 h after onset of ischemia. All catheters were pre-

infused with vehicle solution. Based on an estimated fetal weight of 4 kg, rEpo or the same 

volume of vehicle was administered i.v. as a loading bolus of 5000 IU/kg by slow push over 

5 minutes, followed by continuous i.v. infusion (2500 IU/kg/mL) at 0.333 mL/h. 

Fetal arterial blood samples were taken 60 min before occlusion (baseline), at 1, 2, 4, and 6 

h after reperfusion, and daily thereafter for pre-ductal pH, blood gas, erythropoietin, glucose 

and lactate determination (ABL800 Flex analyzer, Radiometer). Fetuses had normal blood 

composition values for their gestational age [751]. The fetal blood samples for erythropoietin 

analyses were collected in EDTA vacutainers (Onelink), spun at 3000 rpm for 10 minutes at 

4ºC using a refrigerated centrifuge (Heraeus Megafuge 8R, Thermo Fisher Scientific Ltd.), 

and stored at -80ºC for future analysis. Seven days after ischemia, the ewes and fetuses were 
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euthanized with an overdose of sodium pentobarbitone (9 g, i.v. to the ewe; Pentobarb 300, 

Provet). The fetuses were removed by hysterectomy and weighed. The brains were perfusion 

fixed in situ with saline followed by 500 mL of 10% phosphate buffered formalin. Following 

removal from the skull, the brain tissue was fixed for another 5-6 days before processing and 

embedding using a standard paraffin preparation, as previously described. 

7.4.5. Immunohistochemistry 

Serial coronal slices (10 µm thick) at the level of the dorsal hippocampus were cut using a 

microtome (Leica Jung RM2035, Leica Microsystems Ltd.), and mounted on chrome alum-

gelatin coated slides. All the slides were then dewaxed in xylene, rehydrated in decreasing 

concentrations of ethanol and washed in 0.1 mol/L PBS. Antigen retrieval was performed 

for 2 h in 0.01 mol/L citrate buffer using an antigen retrieval system (Aptum Biologics Ltd.), 

followed by endogenous peroxidase quenching for 30 minutes by incubation in 1% H202 in 

methanol for NeuN and Iba1. Blocking was performed in 3% NGS (Life Technologies Ltd.) 

in PBS for 1 hour at room temperature. Sections were then labeled with 1:200 rabbit anti-

NeuN (AB177487, Abcam) and 1:200 rabbit anti-Iba1 (AB178680, Abcam) in 3% NGS-

PBS, overnight at 4ºC, which was followed with 1:200 goat anti-rabbit biotinylated IgG (In 

Vitro Technologies) in 3% NGS-PBS, overnight at 4ºC. The slides were incubated in 1:200 

ExtrAvidin-Peroxidase (Sigma-Aldrich) in 3% NGS-PBS for 2 h at room temperature, and 

reacted in diaminobenzidine solution (Sigma-Aldrich). The reaction was stopped by washing 

in PBS, and the slides dehydrated and mounted with DPX medium (Scharlab).  

The parasagittal cortex was assessed on sections taken 17 mm anterior to stereotaxic zero. 

Digital images were obtained from stained sections by bright-field light microscopy at x20 

magnification on a Nikon Eclipse 80i microscope equipped with a DS-Fi1-U3 camera and 

NIS Elements Br 4.0 software (Nikon Instruments), using eight fields in the parasagittal 
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cortex for NeuN (four fields in the first and second parasagittal gyrus, respectively), and two 

fields in the parasagittal cortex for Iba1 (one field each in the first and second parasagittal 

gyrus). Numbers of live neurons (NeuN) and microglia (Iba1) were quantified using ImageJ 

software (National Institutes of Health) by an assessor masked to treatment groups through 

independent coding of the slides, and average scores across hemispheres from two sections 

were calculated for each region. NeuN-positive neurons were identified morphologically by 

presence of normal nuclei; pyknotic cells with condensed nuclei or a fragmented appearance 

were excluded. Iba1-positive cells with amoeboid or ramified morphology were included.  

7.4.6. Erythropoietin measurements 

The fetal plasma concentrations of Epo were measured in duplicate using the commercially 

available Quantikine human erythropoietin enzyme-linked immuno-sorbent assay (DEP00, 

R&D Systems), validated for ovine plasma. The data were measured spectrophotometrically 

at 450 nm with the reference wavelength set at 570 nm. The samples were evaluated between 

1:100 and 1:800 dilution, or undiluted as required; all samples that were below the reported 

lower detection limit of the assay were assigned the value < 2.5 mIU/mL. Epo serum controls 

(CEP01 and 03, R&D Systems) were run to validate the assays. The correlation coefficient 

for the four-parameter logistic fitted standard curves (R2, 2.5-200 mIU/mL) was 1; the intra-

assay and inter-assay coefficients of variation were 1.8 and 8.8%, respectively. 
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7.4.7. Data analysis and statistics 

All physiologic data analyses were performed using custom analysis programs (Labview for 

Windows, National Instruments Corp.), by an investigator blinded to the treatment groups 

through independent coding of all experimental animals. Sleep state cycling was defined on 

1-min averaged EEG data as a repetitive alternating pattern of high and low voltage activity, 

with each phase lasting approximately 20 min. The hour at which sleep state cycling resumed 

was determined visually and animals that did not recover sleep state cycling were assigned 

168 hours (time of death). Cortical impedance increases as the temperature of the conductive 

medium falls [664]. Therefore, slope of impedance change at the onset of hypothermia was 

used to correct the impedance; corrected impedance = impedance - (slope x Δ temperature). 

The effect of ischemia compared with sham-ischemia values was assessed by ANOVA, with 

time or region treated as a repeated measure. The effect of two interventions on physiological 

and histological parameters was then evaluated by three-way ANOVA, with hypothermia 

and rEpo as independent variables and time or region treated as a repeated measure (SPSS 

v22, SPSS Inc.). Baseline values were included as a covariate where appropriate. Univariate 

analysis was performed when an overall effect of group or interaction between intervention, 

time or region was found. Non-parametric data were compared by Kruskal-Wallis ANOVA. 

Data are presented as mean ± SEM. Statistical significance was accepted at P<0.05. 
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7.5. Results 

There were no significant baseline differences between experimental groups in extradural or 

esophageal temperatures, EEG, SEF, impedance, CaBF, FHR, MAP, or arterial blood gases 

(Table 7.1). Cerebral ischemia was associated with immediate suppression of EEG and SEF, 

brief tachycardia and hypertension, and a progressive rise in cortical impedance that resolved 

within ~1 hour after release of the occlusion. The severity of ischemia as determined by peak 

impedance was not different between ischemia groups (mean peak impedance; 160.6 ± 1.5%, 

N.S.). Sham-ischemia animals showed no significant changes from baseline. 

7.5.1. Blood composition analyses 

Cerebral ischemia was associated with a small but significant rise in glucose and lactate 

concentrations (P<0.05 vs. sham-ischemia), which gradually resolved after 48 h and 24 h, 

respectively (Table 7.1). Ischemia-vehicle animals showed a small increase in pH and base 

excess from 48 h after ischemia (P<0.05 vs. sham-ischemia). Hypothermia was associated 

with a small increase in pH (P<0.05 from 6-24 h) and glucose concentration (P<0.05 from 

2-72 h), and a fall in PaCO2 (P<0.05 from 4-48 h), while rEpo was associated with reduced 

lactate concentration from 120 to 168 hours after ischemia (P<0.05, Table 7.1). There was 

no effect of ischemia or interventions on hemoglobin or hematocrit at any time.  

Plasma erythropoietin levels in the experimental groups that did not receive rEpo remained 

< 2.5 mIU/mL. rEpo infusion was associated with a rapid increase in plasma Epo levels by 

4 hours after ischemia, with peak plasma levels at 72 hours (Figure 7.1; P<0.05 vs. vehicle 

infusion). There was no difference between ischemia-Epo and ischemia-Epo-hypothermia. 
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Table 7.1. Fetal biochemical parameters. 
Group Baseline +2 h +24 h +48 h +72 h +96 h +120 h +144 h +168 h 

pH         
SHAM 7.39 ± 0.01 7.38 ± 0.01 7.37 ± 0.01 7.36 ± 0.01 7.35 ± 0.01 7.35 ± 0.01 7.35 ± 0.01 7.35 ± 0.01 7.35 ± 0.01 
ISCH-VEH 7.38 ± 0.01 7.36 ± 0.01 7.35 ± 0.02 7.39 ± 0.01* 7.38 ± 0.01* 7.38 ± 0.01* 7.41 ± 0.01* 7.39 ± 0.01* 7.38 ± 0.01* 
ISCH-EPO 7.40 ± 0.01 7.38 ± 0.01 7.39 ± 0.01 7.41 ± 0.01 7.39 ± 0.01 7.36 ± 0.01 7.37 ± 0.01# 7.35 ± 0.01 7.34 ± 0.00 
ISCH-HYPO 7.38 ± 0.01 7.37 ± 0.01 7.41 ± 0.01$ 7.41 ± 0.01 7.40 ± 0.01 7.38 ± 0.01 7.37 ± 0.01 7.36 ± 0.01 7.36 ± 0.01 
ISCH-EPO-HYPO 7.38 ± 0.01 7.36 ± 0.01 7.41 ± 0.02$ 7.40 ± 0.01 7.40 ± 0.01 7.38 ± 0.01 7.37 ± 0.00# 7.37 ± 0.00 7.37 ± 0.01 

PaCO2 (mmHg)         
SHAM 47.8 ± 0.9 48.3 ± 1.0 48.0 ± 1.3 48.9 ± 0.4 49.3 ± 1.4 50.1 ± 0.8 49.3 ± 1.4 50.5 ± 0.7 50.4 ± 1.1 
ISCH-VEH 47.3 ± 0.8 48.9 ± 1.0 50.7 ± 1.1 50.1 ± 0.9 48.9 ± 0.8 49.6 ± 0.9 50.8 ± 0.8 52.0 ± 0.7 53.9 ± 0.5 
ISCH-EPO 48.6 ± 1.1 49.7 ± 1.2 51.1 ± 1.1 51.6 ± 1.5 53.2 ± 1.5 53.1 ± 1.2 53.1 ± 1.5 53.2 ± 1.6 52.4 ± 1.3 
ISCH-HYPO 47.9 ± 1.6 48.4 ± 1.5 48.1 ± 1.3$ 48.0 ± 1.0$ 49.2 ± 1.4 52.5 ± 1.2 52.8 ± 1.4 52.9 ± 1.6 53.0 ± 1.1 
ISCH-EPO-HYPO 49.2 ± 1.1 48.9 ± 1.0 49.1 ± 1.2$ 48.9 ± 0.7$ 49.7 ± 1.0 52.0 ± 1.3 52.3 ± 0.6 52.4 ± 0.8 52.6 ± 1.5 

PaO2 (mmHg)         
SHAM 23.4 ± 1.2 22.7 ± 1.4 22.7 ± 1.1 22.9 ± 1.0 23.8 ± 1.2 23.5 ± 1.1 24.1 ± 1.2 24.7 ± 1.5 22.7 ± 1.3 
ISCH-VEH 22.3 ± 1.0 20.5 ± 1.2 18.8 ± 1.5 21.2 ± 1.7 23.4 ± 0.9 21.9 ± 1.0 21.3 ± 1.4 20.9 ± 1.0 20.5 ± 1.5 
ISCH-EPO 22.0 ± 1.0 23.0 ± 1.1  22.2 ± 1.0# 22.9 ± 1.1 22.8 ± 1.0 23.1 ± 0.9 22.1 ± 1.0 22.8 ± 1.1 23.8 ± 1.3 
ISCH-HYPO 23.4 ± 0.9 23.7 ± 0.6 20.9 ± 0.9 21.9 ± 0.6$ 22.2 ± 0.8$ 22.8 ± 0.8 21.9 ± 0.8 21.3 ± 0.6$ 21.5 ± 0.7$ 
ISCH-EPO-HYPO 24.8 ± 0.8 24.2 ± 1.2 21.9 ± 0.9# 22.2 ± 1.0$ 22.7 ± 1.1$ 22.7 ± 1.0 22.1 ± 1.2 21.7 ± 0.8$ 22.1 ± 1.3$ 

Base Excess (mmol/L)         
SHAM 3.0 ± 0.5 2.7 ± 0.5 1.6 ± 0.7 1.2 ± 0.5 1.1 ± 0.7 0.6 ± 0.5 -0.2 ± 0.5 0.4 ± 0.7 0.3 ± 0.6 

ISCH-VEH 2.4 ± 0.8 1.0 ± 1.0 2.1 ± 1.8 4.9 ± 0.8* 3.2 ± 1.1 3.3 ± 0.7* 5.7 ± 0.7* 5.8 ± 0.5* 5.4 ± 0.4* 
ISCH-EPO 3.8 ± 0.9 3.8 ± 0.7 5.6 ± 0.7 5.9 ± 0.9 5.3 ± 0.6 4.2 ± 0.7 4.3 ± 0.5 2.9 ± 0.8 2.4 ± 0.9 
ISCH-HYPO 2.5 ± 0.7 2.0 ± 0.6 4.8 ± 0.6 5.3 ± 0.3 4.5 ± 0.7 4.0 ± 1.0 4.0 ± 1.1 4.2 ± 1.4 4.2 ± 0.8 
ISCH-EPO-HYPO 3.6 ± 0.7 1.8 ± 0.8 4.7 ± 0.8 5.1 ± 0.6 5.6 ± 0.7 4.6 ± 1.1 4.4 ± 0.3 4.4 ± 0.6 4.4 ± 0.9 
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Lactate (mmol/L)         
SHAM 1.0 ± 0.1 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.1 1.0 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 1.0 ± 0.1 
ISCH-VEH 1.2 ± 0.1 3.6 ± 0.6* 3.7 ± 0.8* 2.1 ± 0.6 1.0 ± 0.1 1.2 ± 0.1 1.4 ± 0.2* 1.5 ± 0.3 1.4 ± 0.2 
ISCH-EPO 1.1 ± 0.1 2.5 ± 0.3 2.2 ± 0.4 1.3 ± 0.1 1.0 ± 0.1 0.9 ± 0.1 1.0 ± 0.1# 0.9 ± 0.1# 0.8 ± 0.1# 
ISCH-HYPO 1.1 ± 0.1 2.6 ± 0.2 2.6 ± 0.8 1.4 ± 0.2 1.0 ± 0.1 1.1 ± 0.1 1.2 ± 0.1 1.1 ± 0.1 1.0 ± 0.1 
ISCH-EPO-HYPO 1.1 ± 0.0 3.6 ± 0.5 2.3 ± 0.5 1.6 ± 0.2 1.0 ± 0.1 0.9 ± 0.1 1.0 ± 0.0# 0.9 ± 0.1# 0.9 ± 0.1# 

Glucose (mmol/L)         
SHAM 0.8 ± 0.1 0.8 ± 0.1 0.9 ± 0.1 0.8 ± 0.1 0.8 ± 0.1 0.8 ± 0.1 0.8 ± 0.1 0.8 ± 0.1 0.8 ± 0.1 
ISCH-VEH 1.0 ± 0.1 1.3 ± 0.1* 1.4 ± 0.1* 1.2 ± 0.1* 0.9 ± 0.1 1.0 ± 0.1 0.9 ± 0.0 0.9 ± 0.1 0.9 ± 0.1 
ISCH-EPO 0.9 ± 0.1 1.2 ± 0.1 1.1 ± 0.1 1.1 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 0.8 ± 0.1 0.9 ± 0.1 
ISCH-HYPO 1.0 ± 0.0 1.4 ± 0.1$ 1.6 ± 0.1$ 1.4 ± 0.1$ 1.1 ± 0.0$ 1.0 ± 0.0 1.0 ± 0.0 0.9 ± 0.1 0.9 ± 0.0 
ISCH-EPO-HYPO 1.0 ± 0.1 1.7 ± 0.2$ 1.4 ± 0.1$ 1.4 ± 0.1$ 1.1 ± 0.1$ 1.0 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 

Hemoglobin (g/dL)         
SHAM 10.2 ± 0.5 10.3 ± 0.4 9.8 ± 0.5 10.0 ± 0.4 10.3 ± 0.4 10.6 ± 0.4 10.7 ± 0.5 10.9 ± 0.4 10.7 ± 0.4 
ISCH-VEH 9.8 ± 0.5 9.9 ± 0.6 9.8 ± 0.7 9.4 ± 0.6 9.7 ± 0.7 9.7 ± 0.6 9.7 ± 0.7 10.0 ± 0.7 10.2 ± 0.6 
ISCH-EPO 10.1 ± 0.4 9.9 ± 0.5 10.0 ± 0.6 9.8 ± 0.6 10.2 ± 0.6 10.3 ± 0.6 10.3 ± 0.6 10.0 ± 0.6 10.2 ± 0.7 
ISCH-HYPO 10.2 ± 0.5 10.0 ± 0.5 10.2 ± 0.5 10.2 ± 0.5 10.3 ± 0.6 10.5 ± 0.4 10.5 ± 0.5 10.5 ± 0.5 10.8 ± 0.4 
ISCH-EPO-HYPO 10.6 ± 0.4 10.1 ± 0.3 10.3 ± 0.4 10.1 ± 0.4 10.3 ± 0.4 10.2 ± 0.4 10.6 ± 0.4 11.2 ± 0.5 11.7 ± 0.5 

Hematocrit (%)         
SHAM 30.6 ± 1.5 30.8 ± 1.2 29.2 ± 1.2 29.9 ± 1.1 30.9 ± 1.2 31.8 ± 1.0 32.3 ± 1.3 32.5 ± 1.2 32.0 ± 1.1 
ISCH-VEH 28.6 ± 1.5 29.1 ± 1.8 28.6 ± 2.1 27.8 ± 1.9 28.5 ± 2.2 28.3 ± 1.8 28.6 ± 2.0 29.4 ± 2.2 29.9 ± 1.7 
ISCH-EPO 29.8 ± 1.3 29.1 ± 1.4 29.4 ± 1.6 28.8 ± 1.8 29.9 ± 1.7 30.1 ± 1.7 30.4 ± 1.9 29.5 ± 1.7 30.0 ± 2.1 
ISCH-HYPO 30.1 ± 1.4 29.4 ± 1.5 30.1 ± 1.4 30.0 ± 1.4 30.4 ± 1.7 30.8 ± 1.2 30.8 ± 1.4 30.8 ± 1.5 31.8 ± 1.1 
ISCH-EPO-HYPO 30.8 ± 0.9 29.8 ± 1.0 30.4 ± 1.3 29.6 ± 1.2 30.0 ± 1.2 30.1 ± 1.1 31.1 ± 1.1 33.1 ± 1.6 33.6 ± 1.5 

Fetal arterial blood samples were drawn from the sham-ischemia (sham), ischemia-vehicle (isch-veh), ischemia-Epo (isch-Epo), ischemia-
hypothermia (isch-hypo), and ischemia-Epo-hypothermia (isch-Epo-hypo) animals at 60 min before ischemia (baseline), 2 hours after ischemia 
and daily thereafter. PaCO2, fetal arterial pressure of carbon dioxide; PaO2, fetal arterial pressure of oxygen; Epo, erythropoietin; h, hours. Data 
are presented as mean ± SEM; 4 and 6 hours have been omitted for space reasons. *P<0.05, ischemia-vehicle vs. sham-ischemia; $P<0.05 effect 
of hypothermia; #P<0.05 effect of rEpo. 
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Figure 7.1. Fetal plasma Epo concentrations (mIU/mL) in sham-ischemia (open circles), 
ischemia-vehicle (closed circles), ischemia-Epo (upward triangles), ischemia-hypothermia 
(downward triangles), and ischemia-Epo-hypothermia animals (closed diamonds) 60 min 
before cerebral ischemia (baseline), and 2, 4, 6, 24, 48, 72, 96, 120, 144, and 168 hours after 
ischemia. rEpo was administered intravenously from 3 hours until 72 h after cerebral 
ischemia (loading bolus 20,000 IU, followed by an infusion of 833.3 IU/kg/h), based on a 
fetal weight of 4 kg. Note that plasma erythropoietin levels in the experimental groups that 
did not receive rEpo remained < 2.5mIU/mL. Epo, erythropoietin; IU, international units. 
Data are presented as mean ± SEM. #P<0.05 effect of rEpo. 

7.5.2. Extradural and esophageal temperatures 

Cerebral hypothermia was associated with a significant fall in extradural temperature to a 

mean of 32.9 ± 0.4ºC and 33.1 ± 0.4ºC in the ischemia-hypothermia and ischemia-Epo-

hypothermia groups respectively, compared with 39.5 ± 0.1ºC in the normothermia groups 

(P<0.05 from 3-72 h, Figure 7.2). There was a small fall in esophageal temperature to a mean 

of 38.2 ± 0.1ºC in the hypothermia groups, compared with 39.5 ± 0.0ºC in the normothermia 

groups (P<0.05 from 3-72 h, Figure 7.2). rEpo was associated with a small but significant 

increase in extradural temperature between 3 and 9 hours (P<0.05). 
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7.5.3. EEG power, SEF, and sleep state cycling 

After release of occlusion, EEG power remained significantly suppressed in the ischemia-

vehicle group until the end of the experiment (P<0.05 vs. sham-ischemia, Figure 7.2). 

Hypothermia, but not rEpo, independently improved the recovery of EEG power from 30 h 

onwards (P<0.05). Global cerebral ischemia was also associated with suppression of SEF 

(P<0.05, ischemia-vehicle vs. sham-ischemia, from 0-30 h and 48-168 h). Hypothermia 

independently improved recovery of SEF from 30-48 h and 60 h onwards (P<0.05, Figure 

7.2), while rEpo improved the recovery of SEF from 108 hours onwards (P<0.05).  

Sleep state cycling returned significantly earlier in the hypothermia groups compared to 

ischemia-vehicle (62.9 ± 7.8 vs. 139.7 ± 11.0 h; P<0.05). The ischemia-Epo group showed 

an intermediate recovery of sleep state cycling (107.9 ± 19.9 h; N.S. vs. ischemia-vehicle). 

7.5.4. Cortical impedance, CaBF, FHR and MAP 

Ischemia-vehicle was associated with a delayed secondary increase in cortical impedance 

from 0 to 84 h (P<0.05 vs. sham-ischemia), followed by a gradual fall below baseline levels 

from 120 h onwards (P<0.05 vs. sham-ischemia). Hypothermia was associated with an 

independent, sustained attenuation of post-ischemic changes in cortical impedance from 9 

to 84 h and 108 h onwards (P<0.05, Figure 7.3). There was no significant effect of rEpo or 

interaction between cerebral hypothermia and rEpo on cortical impedance. 

Hypothermia was associated with an independent reduction in CaBF between 3 and 48 h 

(P<0.05, Figure 7.3), followed by significantly greater CaBF from 72 to 120 h, and 132 h 

onwards (P<0.05). Cerebral hypothermia was also independently associated with increased 

FHR (from 3-12 h, and 48-60 h) and MAP (from 3-24 h, and 36-72 h) after ischemia (P<0.05, 

Figure 7.3). rEpo attenuated changes in FHR from 24-48 h, but there was no effect on CaBF 

or MAP and no significant interaction between rEpo and hypothermia. 
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Figure 7.2. Changes in the fetal extradural temperature (ºC), esophageal temperature (ºC), 
electroencephalographic activity (EEG Power, dB) and spectral edge frequency (SEF, Hz) 
in sham-ischemia (open circles), ischemia-vehicle (closed circles), ischemia-Epo (upward 
triangles), ischemia-hypothermia (downward triangles), and ischemia-Epo-hypothermia 
(closed diamonds) animals. Time point zero denotes the 30 min period of cerebral ischemia, 
Epo, erythropoietin. The data are hourly averages and presented as mean ± SEM. *P<0.05, 
ischemia-vehicle vs. sham-ischemia; $P<0.05 effect of hypothermia; #P<0.05 effect of rEpo; 
&P<0.05 significant interaction between hypothermia and rEpo. 
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Figure 7.3. Changes in cortical impedance (% from baseline), carotid blood flow (CaBF, % 
from baseline), fetal heart rate (FHR, bpm) and mean arterial pressure (MAP, mmHg) in the 
sham-ischemia (open circles), ischemia-vehicle (closed circles), ischemia-Epo (upward 
triangles), ischemia-hypothermia (downward triangles), and ischemia-Epo-hypothermia 
(closed diamonds) animals. Time point zero denotes the 30 min period of cerebral ischemia. 
Epo, erythropoietin. Data are hourly averages and presented as mean ± SEM. *P<0.05, 
ischemia-vehicle vs. sham-ischemia; $P<0.05 effect of hypothermia; #P<0.05 effect of rEpo; 
&P<0.05 significant interaction between hypothermia and rEpo. 
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7.5.5. Post-mortem 

Ischemia-vehicle was associated with reduced brain weight (P<0.05 vs. sham-ischemia, 

Table 7.2). Hypothermia partially restored this brain weight loss while rEpo independently 

reduced heart weight (P<0.05); there was no interaction between rEpo and hypothermia. 

7.5.6. Histopathology 

Ischemia-vehicle was associated with severe neuronal loss and increased numbers of Iba1-

positive microglial cells in the first and second parasagittal cortex after 7 days recovery 

(P<0.05 vs. sham-ischemia, Figure 7.4 and 7.5). rEpo was associated with greater neuronal 

survival in the second, but not first, parasagittal cortex (P<0.05). Similarly, treatment with 

rEpo independently attenuated the reactive induction of Iba1-positive microglia in the first 

and second parasagittal cortex (P<0.05, Figure 7.4 and 7.5). Induced hypothermia was 

independently associated with improved overall neural survival and suppression of reactive 

Iba1-positive microglial cells in the parasagittal cortex (P<0.05, Figure 7.4 and 7.5). There 

was no interaction between rEpo and hypothermia for NeuN or Iba1 in any region.
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Table 7.2. Fetal biological parameters. 

Group N Fetus (g) Brain (g) Heart (g) Liver (g) Kidney (g) Singleton : Twin Female : Male 

SHAM 9 4930 ± 275 48.9 ± 1.9 32.7 ± 1.4 103.6 ± 11.2 12.5 ± 0.9 8 : 1 4 : 5 

ISCH-VEH 8 4575 ± 311 40.1 ± 1.5* 31.8 ± 2.6 113.4 ± 8.7 11.7 ± 1.1 7 : 1 5 : 3 

ISCH-EPO 8 4411 ± 200 39.4 ± 1.2 28.5 ± 1.2# 136.3 ± 12.7 11.8 ± 0.7 5 : 3 6 : 2 

ISCH-HYPO 8 4721 ± 146 44.9 ± 0.9$ 32.2 ± 1.3 123.5 ± 7.5 11.9 ± 0.3 8 : 0 4 : 4 

ISCH-EPO-HYPO 8 4662 ± 165 41.6 ± 1.0$ 28.3 ± 1.2# 143.2 ± 15.4 11.6 ± 0.9 8 : 0 6 : 2 

Fetal parameters for the sham-ischemia (sham), ischemia-vehicle (isch-veh), ischemia-Epo (isch-Epo), ischemia-hypothermia (isch-hypo), and 
ischemia-Epo-hypothermia (isch-Epo-hypo) groups. Weights are shown in gram (g); Epo, erythropoietin. Data are presented as mean ± SEM; 
*P<0.05, ischemia-vehicle vs. sham-ischemia; $P<0.05 effect of hypothermia; #P<0.05 effect of rEpo. 



Chapter 7 - Erythropoietin and Hypothermia 

249 

 

Figure 7.4. Neuronal (NeuN, panel A) and microglial (Iba1, panel B) cell counts in the first 
and second parasagittal cortex of sham-ischemia, ischemia-vehicle, ischemia-Epo, ischemia-
hypothermia, and ischemia-Epo-hypothermia animals at 7 days after cerebral ischemia. Epo, 
erythropoietin. The data are presented as mean ± SEM. *P<0.05, ischemia-vehicle vs. sham-
ischemia; #P<0.05 effect of rEpo; $P<0.05 effect of hypothermia. 
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Figure 7.5. Photomicrograph of neurons (NeuN-positive cells, panel A-J) and microglial cells (Iba1-positive cells, panel K-T) in the first and second 
parasagittal cortex of the sham-ischemia (panel A, F, K, P), ischemia-vehicle (panel B, G, L, Q), ischemia-Epo (panel C, H, M, R), ischemia-
hypothermia (panel D, I, N, S), and ischemia-Epo-hypothermia (panel E, J, O, T) groups 7 days after cerebral ischemia. Scale bar is 200 µm. 
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7.6. Discussion 

This study demonstrates for the first time that delayed continuous infusion with rEpo in term-

equivalent fetal sheep, started 3 hours after global cerebral ischemia and continued until 72 

hours, was associated with partial neuroprotection and attenuation of microglial induction in 

the parasagittal cortex, with an improved recovery of the SEF, but not EEG power or cortical 

edema, after 7 days recovery. However, the rEpo infusion did not augment neuroprotection 

or recovery of brain activity associated with delayed, moderate cerebral hypothermia over 

the same interval. These findings show that delayed, prolonged rEpo treatment and induced 

cerebral hypothermia are independently neuroprotective, albeit with a greater overall benefit 

from moderate cooling. This neuroprotection is non-additive during combination treatment, 

which is consistent with overlapping mechanisms of neuroprotection. 

Perinatal hypoxic-ischemic brain injury remains a significant contributor to neonatal death 

and adverse neurodevelopment outcome in term newborns [690]. In the present study, global 

cerebral ischemia was associated with marked neural loss and microgliosis in the parasagittal 

cortex, and a long-lasting suppression of EEG activity, similar to earlier studies [168]. The 

pattern of histopathological damage is highly consistent with the watershed pattern of brain 

injury seen in term infants with aspyxial encephalopathy [38]. 

Juul and colleagues previously showed that a single i.v. injection of 5,000 IU/kg in healthy 

fetal sheep led to potentially neuroprotective cerebrospinal fluid concentrations after 2.5 h 

[371]. In the present study, this dose combined with prolonged infusion was associated with 

a sustained increase in plasma Epo for 3 days. The window of opportunity for rEpo therapy 

after HI is unclear, although single doses of rEpo were not protective after a delay of just 1-

3 h after HI [7]. In contrast, we now report that despite delaying treatment for 3 h after severe 

cerebral ischemia, prolonged rEpo infusion partially reduced post-ischemic neural loss and 
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reactive induction of microglia in the parasagittal cortex, with an improved recovery of SEF, 

but no significant effect on EEG power or cortical cell swelling. These findings suggest that 

improved brain function was directly related to greater neural survival after rEpo treatment, 

consistent with the anti-apoptotic and anti-inflammatory effects of rEpo [583]. 

Recent data from human studies are broadly consistent with our current findings. In a small 

(30 infants) prospective case-control study of rEpo, 2500 IU/kg administrated daily for five 

days in term infants with mild to moderate HIE was associated with fewer neurological and 

developmental abnormalities at 6 months of age, but no effect on damage assessed by MRI 

[213]. Similarly, a randomized controlled trial of 153 infants showed that rEpo, administered 

at 300 IU/kg (N = 52) or 500 IU/kg (N = 31) every other day for 2 weeks, started < 48 hours 

after birth had no overall effect on death or disability, although subgroup analysis suggested 

significantly improved outcome in infants with moderate but not severe HIE [811].  

In comparison, moderate cerebral hypothermia started 3 hours after global cerebral ischemia 

improved neural survival and suppressed microglial activation in the parasagittal cortex at 7 

days recovery, consistent with previous studies [168]. These histological improvements were 

associated with greater recovery of EEG power and frequency and faster return of sleep wake 

cycling. In human term infants with acute asphyxial encephalopathy, recovery of sleep wake 

cycling and EEG background activity within 48 hours of birth is associated with significantly 

better neurological outcomes [728; 495]. Cooling also independently suppressed secondary 

changes in cortical impedance that reflect cytotoxic edema and progressive cellular loss after 

cerebral ischemia [298; 168], with an exaggeration of post-ischemic cephalic hypoperfusion 

from 3 to 48 h, which likely reflected suppressed metabolism [409]. Post-rewarming, CaBF 

recovered to control suggesting a sustained improvement in brain metabolism [298; 214]. 
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This observation that delayed treatment with moderate induced cerebral hypothermia was 

more neuroprotective than rEpo infusion started at the same time is broadly comparable with 

the findings from a recent small cohort study in term neonates with acute HIE that whole-

body hypothermia was superior to a subcutaneous injection of 1500 IU/kg rEpo administered 

within 24 hours of birth [212]. Interestingly, rEpo infusion was associated with a small rise 

in extradural temperature of ~0.28ºC from 3 to 9 hours after cerebral ischemia. Drug-induced 

hyperthermia has been demonstrated to attenuate neuroprotection [144], and so it is possible 

that this might have attenuated the neuroprotective effect of rEpo treatment. 

Nevertheless, in the present study, the combination of delayed cerebral hypothermia and 

high-dose rEpo infusion was not associated with additive improvement in neuronal survival 

or inflammation in the parasagittal cortex, or further recovery of brain activity, cortical cell 

swelling or return of sleep state cycling, compared with mild hypothermia alone. The exact 

reasons for the non-additive effects are unknown. In part, the disappointing lack of additive 

neuroprotection might reflect the dramatic improvement in numbers of surviving neurons 

after cerebral hypothermia to near sham-ischemia values that will have limited the potential 

for rEpo therapy to further improve outcomes. It is also notable that the potent independent 

suppression of microglial activation with rEpo was not associated with improved neuronal 

survival in the first parasagittal cortex, suggesting that this effect made a limited contribution 

to cortical neuroprotection. Overall, these data strongly suggest at least partially overlapping 

neuroprotective mechanisms of rEpo and therapeutic hypothermia. 

The present finding of non-additive neuroprotection is consistent with the few preclinical 

studies that examined combined treatment of hypothermia with rEpo. For example, after HI 

in P7 rat pups, concurrent single dose rEpo and short periods of whole-body cooling did not 

provide histological neuroprotection [224; 225], with borderline effects on sensorimotor 
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function. Similarly, hypothermia plus rEpo treatment started shortly after perinatal asphyxia 

in non-human primates reduced death and moderate to severe disability, but there was no 

significant difference if compared with hypothermia alone [713]. In contrast, combination 

treatment with the long-lasting synthetic rEpo analogue darbepoetin and hypothermia in 

asphyxiated P7 rats provided greater hippocampal neuroprotection than hypothermia alone 

[673], suggesting the possibility of regional neurobenefits from co-treatment. The analysis 

of histopathologic changes in subcortical grey matter is in progress for the present study. 

Taken together, the apparent lack of synergistic effect between rEpo and hypothermia likely 

reflects overlapping mechanisms of action. Although there is a lack of information on the 

optimal therapeutic regimen for rEpo, nevertheless the prolonged high-dose infusion in the 

present study was independently protective. An important consideration is that hypothermia 

reduces clearance of many drugs and thus can potentially lead to toxic blood levels [602; 

222]. The effect of cooling on rEpo clearance is unknown, but the half-life of darbepoetin (2 

or 10 μg/kg; given within 12 h of birth and at 7 days) during hypothermia was not different 

from post-cooling values (24 vs. 26 h and 32 vs. 35 h, respectively) [49]. Reassuringly, there 

was no effect of hypothermia on plasma Epo concentrations in the current study. 

There were no apparent adverse effects of rEpo in the present study, consistent with small 

cohort studies in term infants with HIE [782; 600; 49]. The infusion of high-dose rEpo for 3 

days was associated with a very small reduction in fetal heart rate after cerebral ischemia 

and heart weight at post-mortem. The reasons for this change in fetal heart weight are unclear 

since rEpo reduces tissue damage after myocardial HI in adult rodents [570]; further studies 

are important to assess the histological effects of rEpo on the developing heart. 

Some potential limitations of this study should be considered. There is increasing evidence 

that white matter damage contributes to long-term neurodevelopmental abnormalities at term 
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[543; 457], and delayed hypothermia is only partially protective for oligodendrocytes [599]. 

Thus, further analysis is needed to assess whether rEpo can augment hypothermic protection 

of white matter after hypoxia-ischemia. Finally, it is important to reflect that in addition to 

its acute effects, rEpo promotes angiogenesis and neurogenesis [202; 344], and so potentially 

may enhance long-term neurorepair and plasticity beyond the immediate period of hypoxic-

ischemic injury [782]. Thus, it is possible that further extending the rEpo infusion after the 

end of therapeutic hypothermia could further improve functional recovery. 

In conclusion, the present study demonstrates for the first time that prolonged infusion with 

high-dose rEpo delayed until 3 h after cerebral ischemia was partially neuroprotective, but 

did not augment hypothermic neuroprotection in the parasagittal cortex or improve EEG 

recovery. Further analysis of subcortical white and grey matter is now in progress to assess 

regional benefits from co-treatment. Further studies are also required to examine whether 

different rEpo regimens could enable greater benefit from co-treatment. 
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Chapter 8 - Summary and Discussion 

8.1. Summary of Experimental Findings 

The experimental studies described in this doctoral thesis were undertaken to extend our 

understanding of the pathophysiological mechanisms that underlie hypoxic-ischemic brain 

injury, examine potential biomarkers for prediction of fetal compromise and neural injury, 

and evaluate neuroprotective interventions after perinatal hypoxia-ischemia. 

The principal findings of this doctoral thesis are as follows: 

• In chapter 3, we tested the hypothesis that cardiovascular compromise during labor-like 

asphyxia in chronically hypoxic term-equivalent fetal sheep would be associated with 

neurophysiological impairment. We demonstrated that brief occlusions of the umbilical 

cord repeated at a rate consistent with first-stage labor do not cause fetal compromise in 

healthy near-term fetal sheep, whereas fetuses with antenatal, stable hypoxia developed   

severe hypotension and cephalic hypoperfusion, with suppression of EEG activity and 

development of seizures, consistent with earlier onset of neural compromise. 

• In chapter 4, we examined the quantitative relationship between arterial blood pressure 

and carotid blood flow during prolonged umbilical cord occlusion from early preterm to 

term-equivalent gestation (0.6 to 0.8 gestation), and assessed whether development of 

hypotension would be reflected by changes in the T/QRS ratio or ST waveform shape. 

We showed that profound asphyxia was associated with progressively, severe metabolic 

acidosis and arterial hypotension, with a more rapid rate of fall in MAP and CaBF with 

advancing gestation. ST waveform augmentation correlated with initial hypertension at 

term while its subsequent fall was associated with arterial hypotension at all gestational 

ages. Negative T-waves did not predict fetal outcome, and biphasic waveforms were not 

observed. These findings suggest that elevation of the T/QRS ratio is a reliable index of 

onset of severe asphyxia in the last third of gestation, but not of fetal compromise.
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• In chapter 5, we evaluated the therapeutic window of opportunity for hypothermia after 

severe asphyxia in preterm-equivalent fetal sheep. We tested the hypothesis that whole-

body hypothermia started at 30 min after umbilical cord occlusion would be associated 

with striatal neuroprotection and greater recovery of EEG activity compared with mild 

hypothermia delayed for 5 h, just before the onset of stereographic seizures. We showed 

that early, but not delayed, hypothermia reduced neural loss and microglial induction in 

the striatum after 7 days, with faster recovery of SEF, reduced seizure burden, and less 

depression of EEG amplitude. These findings suggest that early recovery of higher EEG 

frequencies may be a biomarker of hypothermic neuroprotection in the preterm brain. 

• In chapter 6, we evaluated the hypothesis that prolonged infusion with high-dose rEpo, 

started 30 minutes after severe asphyxia and continued until 72 hours, would improve 

subcortical injury and electrophysiological recovery in preterm-equivalent fetal sheep. 

We demonstrated that rEpo infusion reduced neural loss and caspase-3 expression in the 

subcortical grey matter and increased survival of total, but not immature to mature, 

oligodendrocytes in white matter, with greater cell proliferation and reduced induction of 

caspase-3, micro- and astrogliosis after 3 days. These histologic improvements were 

associated with reduced seizure burden and improved neurophysiological recovery. In 

summary, prolonged infusion with high-dose rEpo after severe asphyxia in preterm fetal 

sheep was partially protective and improved electrophysiological and cerebrovascular 

recovery, in association with reduced apoptosis and inflammation. 

• In chapter 7, we examined the hypothesis that prolonged infusion with high-dose rEpo 

would be neuroprotective after 30 minutes of global cerebral ischemia in near-term fetal 

sheep, when started after a clinically realistic delay of 3 h and continued until 72 h. In 

addition, we investigated whether delayed co-treatment with rEpo infusion plus head 

cooling would further improve hypothermic neuroprotection. We showed that delayed 

rEpo infusion reduced neural loss and microgliosis in the parasagittal cortex, with faster 

recovery of SEF but not EEG power after 7 days. However, the delayed induction of 

combined hypothermia and high-dose rEpo infusion after global cerebral ischemia was 

not associated with additive neuroprotection in term-equivalent fetal sheep. 
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8.2. Discussion of Experimental Findings 

As described in chapter 2.2, the experimental studies in this thesis used instrumented fetal 

sheep (from 0.6 to 0.8 gestation) to assess the cardiovascular and neurophysiologic effects 

of intra-uterine acute and chronic HI, and test whether treatment with induced hypothermia 

and / or rEpo would improve pathophysiological recovery. Chapter 3 addressed responses to 

labor-like asphyxia confounded by pre-existing hypoxia. Chapters 4 to 7 used a single severe 

insult that resulted in hypoxic-ischemic brain injury [439; 177], characterized by moderate 

to severe basal ganglia and hippocampal damage, with death of oligodendroglia in the white 

matter, but sparing of the cortex, after 3 days recovery in preterm fetal sheep [254; 65], and 

extensive parasagittal damage in term-equivalent fetal sheep [165; 195]. 

As discussed in chapter 1.2, such neural and white matter lesions contribute to long-lasting 

behavioral and neurocognitive impairments in ex-encephalopathic children [44; 497; 3]. One 

important consideration is that clinical etiology could be multifactorial, while experimental 

models are reductionist in their approach; i.e. changing single independent variables like HI, 

infection or asphyxia to affect outcomes [451]. Hence, no experimental model necessarily 

recapitulates the full spectrum of perinatal brain injury. This is especially complex in preterm 

newborns where both hypoxia and infection can be interrelated risk factors [178; 565]. The 

animal studies in this thesis were designed to help dissect some of the mechanisms involved 

in HI brain injury, without confounding from clinical intervention or associated paradigms 

(e.g. infection that leads to inflammation, hypoxia and hypotension). The principal scientific 

questions that arose from these experiments are addressed in detail below. 
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8.2.1. Fetal compromise during hypoxia-ischemia 

Unlike the severe asphyxial paradigms described above, prolonged but milder intra-uterine 

stresses, such as those arising from placental insufficiency and multiple pregnancies, often 

lead to chronic hypoxia and altered endocrine and / or metabolic fetal state [513; 94]. In 

human pregnancies, such restrictive conditions are surprisingly common and frequently 

associated with reduced fetal growth [245], metabolic acidosis at birth [557], and higher 

incidence of stillbirth and poor neurodevelopment [670; 665].  

Consistent with this, we showed that term-equivalent fetal sheep from multiple pregnancies 

with spontaneous, chronic hypoxia had evidence of cardiovascular and neural deterioration 

during early labor-like asphyxia, developing worse metabolic acidosis than healthy fetuses 

(pH; 7.08 ± 0.04 vs. 7.33 ± 0.02), severe hypotension and cephalic hypoperfusion during 

occlusions (nadir; 24.7 ± 1.8 vs. 51.4 ± 3.2 mmHg, and 23.6 ± 6.1 vs. 63.0 ± 4.8 mL/min), 

and greater suppression of EEG activity, with later recovery of sleep-state cycling (median; 

9 vs. 0 hours, post-occlusion) and development of seizures [749]. In agreement with these 

findings, elective caesarean section for growth-restriction at term reduced incidence of low 

5-min Apgar scores and NICU admission [460], and neonatal death and maternal morbidity 

[5]. Thus, minimizing exposure to asphyxia is advisable where chronic hypoxia is suspected. 

Does chronic hypoxia predispose to neural compromise during labor? 

As highlighted in chapter 3.6, there were several important limitations in our experimental 

approach that deserve further discussion. Foremost, the neurophysiological assessment was 

based on functional (e.g. EEG and cytotoxic edema) measurements and we were unable to 

conduct histologic analyses due to high mortality after asphyxia. Hence, extension of neural 

damage in fetuses with chronic hypoxia is not conclusively proven. These fetuses maintained 

rapid, reversible EEG suppression during repeated occlusions [749], and thus neural integrity 
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might have remained intact [17]. The EEG and sleep-wake cycling also recovered to baseline 

within 24 hours. This is associated with favorable outcomes in newborns with HIE [495].  

Nevertheless, the development of stereotypic seizures, cytotoxic edema and inter-occlusion 

EEG depression in our pre-existing hypoxia cohort, suggests that cerebral function became 

compromised during early labor-like asphyxia [749]. In newborns with perinatal depression, 

the presence of seizures on a suppressed EEG background correlates with poor neurological 

outcomes [325; 115], although babies with sporadic seizures had better outcomes than those 

with status epilepticus. Thus, our finding that seizures were of short duration (less than ≤ 3 

minutes) and occurred in a subset of fetuses with chronic hypoxia, suggests these animals 

developed mild to moderate neural damage. The abundant seizure-like, epileptogenic spikes 

(see Figure 3.4) support this notion, although its significance is controversial [560]. Further, 

de Haan et al reported similar neurophysiological features after repetitive umbilical cord 

occlusions for 1-minute (at 2.5-min intervals) or 2-minutes (at 5-min intervals), which were 

associated with mild selective neuronal loss [174]. Additional studies should further assess 

the degree of neural compromise in this paradigm. This can be accomplished via monitoring 

of cytochrome oxidase (see chapter 1.9.3) or histological analyses of the fetal brain. 

Clinically, it is important to appreciate that my study used a relatively mild asphyxial insult 

(consistent with first-stage labor). Increasing the frequency of umbilical cord occlusions to 

1-min every 2.5 min (consistent with second-stage labor) resulted in progressive metabolic 

acidosis and arterial hypotension even in healthy, singleton near-term fetal sheep [763], with 

subendocardial and cerebral injury after 3 days recovery [174; 300]. Fetuses with infarcts in 

the thalamus, cerebellum and parasagittal cortex had greater epileptiform and spike activity 

during and after occlusions, took longer to recover sleep-wake cycling, and showed longer 

total duration of blood pressure below baseline, compared to fetuses with mild neuronal loss 
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[174]. Therefore, the hypotension and cephalic hypoperfusion in our chronic-hypoxia fetuses 

would have been a major potentiating factor for neuronal injury, in fitting with the hypothesis 

stated in chapter 1.5, and decompensation would have increased further with more intensive 

labor. Mortality was high (5 / 8 fetuses died) in the present experiments, and so future studies 

that examine tolerance to late labor-like asphyxia (e.g. 1-min cord occlusions repeated every 

2 to 3 min) in fetuses with chronic stable hypoxia would require large animal groups. 

Fetal intra-uterine growth restriction - an experimental paradigm 

One potential limitation of using spontaneous, stable hypoxia in near-term sheep fetuses is 

that we cannot determine precisely when fetal hypoxia began. Conversely, the hypoxia was 

physiologic which strengthened the studies. The period from instrumentation to experiment 

was short (between 3-6 days) and no surgical complications were apparent at post-mortem, 

making surgery-induced hypoxia unlikely, as detailed in chapter 3. Supporting this, fetuses 

with pre-existing hypoxia were smaller (3273 ± 226 vs. 4040 ± 141 g) and had hypercarbia 

and hypoglycemia [749], which indicates long-standing growth restriction due to placental 

dysfunction [521]. This could be confirmed with placental histopathology in future studies. 

However, our findings are consistent with clinical evidence that IUGR is a high-risk factor 

for HIE [434], and neurocognitive and behavioral deficits [423; 470]. Further, even though 

its etiology is heterogeneous (i.e. under-nutrition, congenital malformation or infection), 

uteroplacental dysfunction is the leading cause (~85%) in developed nations [623]. 

Experimentally, growth restriction has been produced through placental embolization with 

microspheres, uterine carunclectomy prior to pregnancy, uteroplacental vessel ligation, and 

maternal hypoxia, although the latter does not involve impaired placentation [334]. All these 

approaches have strengths and limitations [486]. Uterine carunclectomy results in functional 

placental compensation with hypertrophy of the remaining cotyledons [6]. Ligation of the 
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umbilical artery leads to highly variable degrees of placental infarction and fetal hypoxemia 

[215]. Overall, however, experimental models of growth restriction share similar outcomes; 

reduced fetal weight, chronic hypoxia with mild hypercapnia and acidemia, and a persistent 

centralization of combined ventricular output that facilitates brain sparing [263]. In human 

fetuses with placental disease, this is associated with vasodilatation of the middle cerebral 

artery, which occurs in 20 to 80% of growth-restricted cases during the third trimester and 

corresponds with intracranial abnormalities and poor neurodevelopment [211; 230; 158]. 

In studies from chapter 3, fetuses with pre-existing hypoxia showed a trend towards greater 

baseline carotid blood flow (67.3 vs. 51.0 mL/min; P = 0.09), despite comparable heart rate 

and systemic blood pressure to healthy fetuses [749]. A similar degree of spontaneous, stable 

hypoxia in term-equivalent sheep fetuses was associated with higher brain to liver weight 

ratio (0.5 ± 0.1 vs. 0.3 ± 0.0, P<0.001, unpublished data) after cerebral ischemia [169], and 

a similar ~21% (below the 5th percentile) reduction in fetal weight. Thus, these fetuses likely 

experienced signs of brain sparing in the baseline period. The effect of IUGR or brain sparing 

on fetal cardiovascular adaptation to acute asphyxia is less clear, as detailed in chapter 1.3.3. 

However, our data are consistent with limited previous evidence that redistribution of cardiac 

output is maintained in fetuses with pre-existing, stable hypoxia [762; 263]. 

The development of hypotension, hypoperfusion and brain damage 

Each 1-minute umbilical cord occlusion resulted in an initial, transient rise in arterial blood 

pressure and cephalic blood flow, indicating that cardiovascular adaptation to asphyxia was 

intact in fetal sheep with chronic, spontaneous hypoxia. The magnitude of this response did 

not attenuate during the occlusion series (i.e. maximum MAP and CaBF during occlusions, 

data not shown). Once hypotension developed, there was a gradual decline in carotid blood 

flow that paralleled the fall in MAP [749]. This agrees with the studies from chapter 4 that 
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demonstrated a pressure-passive relationship between carotid blood flow and mean arterial 

pressure from the minute blood pressure fell below baseline during severe asphyxia [751]. 

These studies do not give clarification on whether this association reflected a fall below the 

cerebral autoregulatory range [554], or its loss due to hypoxia or hypercarbia [715; 682].  

One aspect frequently overlooked in asphyxial paradigms is that hierarchical redistribution 

of cerebral blood flow occurs within the fetal brain, with preferential perfusion of essential 

structures when survival is threatened [142]. For example, partial uterine and umbilical cord 

occlusion in near-term sheep fetuses led to increased blood flow towards the brainstem and 

subcortex at the expense of the cerebrum and choroid plexus [361; 375]. In growth-restricted 

fetuses, fractional moving blood volume (an index of cerebral perfusion) showed an initial 

increase in all cerebral regions, followed by a fall in frontal and mid-sagittal perfusion and 

a rise in cerebellar and basal ganglia blood flow as fetal condition deteriorated [318]. Limited 

evidence suggests failure of this cerebrovascular adaptation before death [361].  

These observations help explain the heterogeneity within and between paradigms of severe 

hypotension and cerebral hypoperfusion, and perinatal brain injury. However, the temporal 

relationship between redistribution of brain blood flow during prolonged hypoxia-ischemia 

and subsequent regional patterns of brain damage has not been examined in detail [320; 292]. 

Further, cerebrovascular remodeling during fetal growth restriction might further alter this 

correlation [119]. One approach to address these queries is by implanting composite brain 

probes that contain laser Doppler and oxygen sensors. These can provide in situ measures of 

blood flow and oxygenation, which can be correlated with histologic analyses [333]. 
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8.2.2. Fetal compromise - can we improve its detection? 

Intrapartum surveillance with electronic fetal monitoring is almost universal in labor units 

in developed nations. Ideally it should identify those fetuses that are at risk of developing 

hypotension. In light of my studies in chapter 3, this also holds true for fetuses with growth 

failure, given that ~70 to 80% of neonates with IUGR are not recognized as such until birth 

[231; 111]. Indeed, the overall rate of operative intervention for non-reassuring fetal heart 

rate changes reaches 63% in IUGR fetuses, compared to 27% in all induced deliveries [460]. 

However, as detailed in chapter 1.4, fetal heart rate has low positive predictivity for neonatal 

morbidity [767], and ST analysis might provide better information on fetal status. 

Disappointingly, in the studies detailed in chapter 4, ST augmentation proved a reasonable 

marker of asphyxia, but did not identify developing hypotension or cerebral hypoperfusion 

at preterm to term-equivalent gestation [751]. In fetal sheep at 91-94 and 123-129 days, 

prolonged asphyxia was also associated with an increase in T/QRS ratio that paralleled initial 

hypertension, followed with a gradual reduction in T/QRS ratio as arterial pressure fell and 

acidosis worsened [758; 771]; however, this also did not correlate with onset of hypotension. 

These studies agree with the present data in that maximal ST segment elevation is observed 

when fetal adaptation and anaerobic metabolism is greatest, with attenuation of ST segment 

height as cardiac glycogen and ATP become depleted [323]. Thus, increased T/QRS ratio in 

isolation is an index for anaerobic metabolism during hypoxia, rather than compromise. 

This hypothesis is consistent with studies of moderate asphyxia induced by reduced uterine 

perfusion [175] or brief repetitive cord occlusions. For example, in near-term fetal sheep, ST 

waveform height during and between occlusions (P<0.01) was greater with 1-min umbilical 

cord occlusion repeated at 2.5 minute than at 5 minute intervals [763]. Likewise, fetuses with 

chronic hypoxia (same cohort as in chapter 3) showed an exaggerated ST segment elevation 
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during repeated cord occlusion-induced decelerations, but no further change with continued 

labor-like occlusions (see Figure 8.1), despite developing severe hypotension [762]. These 

findings and the fact that T/QRS ratios demonstrated a more sustained rise during prolonged 

asphyxia at late gestation, either because of pre-existing hypoxemia or relative to immature 

fetuses [770; 751], support the notion that ST height reflects an anaerobic cardiac response 

relative to fetal metabolic state. My studies do not indicate a diagnostic role for biphasic and 

inverted ST waveforms, and these features were also inconsistent in the above reports.  

 

Figure 8.1. The changes in T/QRS ratio (top panel) and fetal heart rate (FHR, bpm, bottom 
panel) in normoxic and hypoxic fetuses subjected to 1-minute umbilical cord occlusions at 
five minute intervals, for up to 4 hours. Fetuses were either normoxic (PaO2 > 17 mmHg) or 
had pre-existing stable hypoxia (PaO2 < 17 mmHg) before occlusions. Note that fetuses with 
chronic hypoxia showed greater T/QRS ratio during occlusions, which did not change 
despite progressive hypotension from the second quarter onwards. T/QRS ratio is shown as 
the maximum during occlusion (circles) and the mean between occlusion (from the second 
to the fifth minute, squares), and FHR as the minimum (circles) attained during occlusion 
and the mean between occlusion (from the first to the fifth minute, squares). PaO2; partial 
pressure of oxygen, bpm; beats per minute. Data presented as the mean ± SEM; **P<0.001 
vs. normoxic controls. Figure amended with permission [762]. 
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However, these experimental studies contrast with some clinical evidence on ST waveform 

monitoring. The first trials, in Plymouth (United Kingdom) and Sweden, demonstrated that 

cardiotocography plus ST segment analysis (in 2434 and 4966 cases, respectively) reduced 

metabolic acidosis at birth and the surgical intervention for fetal distress [766; 11]. Overall, 

meta-analysis of five trials of ST monitoring showed that it reduced fetal scalp sampling (RR 

= 0.64, 95% CI; 0.47-0.88), incidence of metabolic acidosis (0.61; 0.41-0.91) and operative 

intervention (0.93; 0.88-0.99) [546]. Nevertheless, a large randomized clinical trial in 11,108 

laboring patients also demonstrated that monitoring with fetal ST-waveform analysis did not 

reduce neonatal death (P = 0.37), neonatal encephalopathy or seizures (P = 1.0), or operative 

intervention (P = 0.31) or metabolic acidosis (pH ≤ 7.05 and base deficit ≥ 12 mmol/L; P = 

0.13). It did reduce the frequency of low 5-min (3 or less, P = 0.02) Apgar scores [56]. 

Thus, taken together, these findings indicate that ST waveform monitoring provides useful 

clinical information on anaerobic cardiac metabolism in the fetus, but it does not appear to 

reduce rates of acidosis or surgical intervention [56]. Moreover, there is little evidence that 

ST waveform analysis could improve neuronal damage in neonates [526]. This supports the 

experimental results from chapter 4 and reviewed evidence in chapter 1.9.1, where metabolic 

acidosis (in isolation) was shown to be a poor predictor for HIE. 
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8.2.3. Therapeutic hypothermia after hypoxia-ischemia 

Therapeutic hypothermia for full-term or near-term neonates who develop moderate-severe 

HIE is now standard-of-care in neonatal intensive care [296], but its neuroprotective effects 

are incomplete [350]. It is also not available for preterm babies, except in clinical trials, due 

to uncertainties regarding its safety and efficacy [291]. Can we extend clinical hypothermia 

to preterms with an acceptable margin of safety, and might EEG monitoring help support its 

clinical testing? Can rEpo be translated into a neurotherapeutic for preterm babies with HIE, 

and will it improve cooling at term? These questions are discussed in the next sections. 

8.2.4. Hypothermia in preterm neonates - is it efficacious and safe? 

The experimental studies described in chapter 5 demonstrate that mild induced whole-body 

cooling (with a ~3ºC reduction in extradural temperature), initiated 30 min after prolonged 

(25 minutes) umbilical cord occlusion, provides striatal neuroprotection in the preterm (0.7 

gestation) fetal sheep. Its neuronal maturation at this age is equivalent to the 28-32 week old 

human neonate (as detailed in chapter 2.2.1). Post-asphyxial basal ganglia damage is often 

observed in these infants on modern imaging [37; 439], and is predictive of neuromotor and 

cognitive impairment [53; 458]. In the same paradigm, three days of moderate brain cooling 

(with extradural temperature reduced from 39.4 ± 0.3 to 29.5 ± 2.6°C) started 90 min after 

severe asphyxia reduced hippocampal and basal ganglia injury in preterm fetal sheep (Figure 

8.2), preserved immature oligodendrocytes in periventricular and parasagittal white matter, 

and attenuated microgliosis and apoptosis [65; 45], but was also associated with persistent 

suppression of cellular proliferation in the periventricular white matter. 
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Figure 8.2. The effect of moderate hypothermia on numbers of neuronal (NeuN, top panel), 
pre-oligodendrocyte (O4, bottom left panel) and proliferating cells (PCNA, bottom right 
panel) in the sham, occlusion-normothermia and occlusion-hypothermia groups after three 
days recovery from 25 min of umbilical cord occlusion. Cerebral hypothermia was induced 
from 90 min to 70 h after the end of occlusion. Neural survival was examined in the striatum, 
thalamus (median nucleus and reticular formation) and hippocampus, and oligodendrocytal 
and proliferative counts were done in periventricular and parasagittal white matter (PVWM 
and IGWM). CA, cornu ammonis; DG, dentate gyrus. Data are mean ± SEM. *P<0.05 vs. 
sham-control; #P<0.05 vs. occlusion-normothermia. Figure amended with permission [65]. 

There are no comparable clinical data on hypothermic neuroprotection in preterm neonates. 

However, limited historical evidence and theoretical concerns highlighted in chapter 1.10, 

suggest potential greater vulnerability to adverse systemic effects in very immature infants, 

even during mild controlled whole-body hypothermia [657; 106; 200]. Consistent with this, 

mortality among mildly preterm infants (at 34-36 weeks gestation) was higher relative to the 

whole cooled cohort (12/38 newborns (30%) vs. 278/1362 newborns (20%)) in the TOBY 

(Total Body Hypothermia for Neonatal Encephalopathy) register [21]. Of course, this might 

reflect selection bias as these are uncontrolled data. Hypothermia was also associated with 

80% mortality or severe disability in newborns with intracranial hemorrhage [663], which is 

a frequent complication of extreme prematurity [490]. However, these observations contrast 
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with recent data from Smit and colleagues who found similar complication rates and long-

term outcomes in asphyxiated preterm newborns (at 34 to 36 weeks gestation) after induced 

therapeutic hypothermia, compared to neonates at full-term gestation [663; 699]. 

In addition, one prospective trial in 15 preterm infants at a median of 33 weeks (corrected) 

gestation (interquartile range; 28 to 36 weeks) who had necrotizing enterocolitis and multi-

organ dysfunction, demonstrated that whole-body cooling to 35.5-33.5 ºC for 48 hours did 

not increase mortality, bleeding, sepsis or ionotropic support. Temperature was correlated 

with heart rate and blood coagulation [308]. Interestingly, a data re-analysis of the results 

from the Silverman studies by Prof Thoresen [698], on the relationship between temperature 

and survival of preterms kept in incubators maintained at 31.7°C or 28.9°C until 120 h of 

age [657], concluded that all but the largest neonates kept at 31.7°C were hypothermic (with 

axillary temperature ~0.3°C below rectal temperature) by current standards. Mortality was 

higher only in those neonates kept at 28.9°C who had birth weights below 1 kg [698]. Hence, 

the historic argument that any degree of cooling is deleterious for preterm babies is incorrect. 

Supporting the observations above, I and others showed that mild to moderate whole-body 

or cerebral hypothermia in asphyxiated preterm-equivalent fetal sheep was associated with 

mild sinus bradycardia, exaggeration of carotid hypoperfusion and small acid-base changes 

[65; 43]. These are consistent with the mild physiological effects of clinical hypothermia in 

term neonates [290; 350]. Taken together, these experimental findings indicate that induced 

cooling after asphyxia would be an effective intervention in early to late preterm newborns. 

This is further supported by findings of progressive mitochondrial failure detailed in chapter 

1.9.3. Its unclear safety profile in preterm neonates and suppressive effect on proliferation 

of pre-oligodendrocytes requires further exploration in human clinical studies. Small phase 

I-III trials are now in progress (ClinicalTrials: NCT00620711 and NCT01793129). 



Chapter 8 - Summary and Discussion 

270 

Critical clues on hypothermic parameters for the preterm brain 

For the studies described in chapter 5, a reduction of ~3.5ºC in extradural temperature was 

sought with whole-body hypothermia. This was based on cooling protocols used clinically 

(i.e. hypothermia to 34.5 ± 0.5°C for head cooling, or 33.5 ± 0.5°C for whole-body cooling 

[690]). However, there is no definite evidence for the optimal starting time, depth or duration 

of therapeutic hypothermia in the preterm brain. My studies demonstrate that early but not 

delayed induced cooling (30 min vs. 5 h after asphyxia) improved striatal neuronal survival 

and microgliosis after 7 days recovery [747], whereas hippocampal neuroprotection was 

achieved with whole-body hypothermia started 5.5 hours after umbilical cord occlusion in 

preterm fetal sheep [256]. This suggests regional heterogeneity in hypothermic protection 

during the latent phase. Comparing these data with earlier studies in our laboratory on 

preterm cerebral cooling (i.e. with a reduction in extradural temperature of 8.5ºC) further 

indicates greater neuroprotection at lower brain temperatures [65; 45]. Thus, potential trade-

off between hypothermic neuroprotection and adverse, systemic effects might be necessary, 

particularly in immature neonates. Future research should investigate the interaction between 

treatment delay, and depth and duration of hypothermia on white and grey matter structures. 

Can we identify preterm neonates who benefit from cooling? 

As discussed in chapter 1.9.4, aEEG monitoring is frequently used in NICU for assessing 

neurological function in term infants with HIE [674]. Clinical cooling reduces the predictive 

power of EEG within 48 h of birth for death or severe disability [700], thereby demonstrating 

the benefits of clinical hypothermia [18]. Similarly, prognostication with EEG has been very 

promising in asphyxiated preterm newborns [365], but how cooling affects electrocortical 

recovery is unknown. In my studies, histological striatal improvements with early systemic 

cooling were associated with functional recovery, with faster normalization of SEF within 4 
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hours, reduced stereographic seizure burden, and reduced overall suppression of EEG power 

and amplitude, compared to hypothermia delayed until 5 hours after asphyxia [747].  

The finding that extradural temperature had a greater suppressive effect on EEG amplitude 

with late cooling (2.2 ± 0.8 μV/°C for hypothermia initiated at 5 h, vs. 0.5 ± 0.1 μV/°C for 

cooling started at 30 min; Supplemental Figure 5.2) suggests that striatal injury modulates 

the effects of mild hypothermia on post-asphyxial brain function. This would be consistent 

with the overall poor outcomes in cooled infants who show persistent aEEG abnormalities 

[309; 462]. In contrast, this correlation was poor in the control fetuses (normothermic or 

hypothermic), supporting reports that mild hypothermia has little effect on the uninjured 

immature or mature brain [235; 330]. This is critical information as clinical predictions on 

outcome, and decisions on neonatal treatment are in part based on EEG monitoring [86].  

Stereotypic seizures are a characteristic of HIE [196], and associated with adverse neurologic 

outcome in preterm and term neonates [603; 643]. There is still some uncertainty on whether 

seizures are causative or just reflect evolving HI brain damage [195]. Greater seizure severity 

was associated with higher lactate to choline, and diminished N-acetylaspartate to choline 

ratios on imaging, even after controlling for confounders such as abnormalities on MRI and 

active resuscitation after birth [483]. Prolonged stereographic seizures (longer than 3.5 min) 

led to excessive brain metabolism and cortical deoxygenation in near-term fetal sheep [276]. 

In neonates with HIE, seizure burden also correlates with death or disability [465], although 

resistance to kainate-induced status epilepticus was higher in the immature rat brain [305].  

Combined with evidence detailed in chapter 1.7.6 that suppressing epileptiform and seizure 

activity with glutamate antagonist dizocilpine reduces damage in lesser affected subcortical 

structures after HI [180], but does not prevent parasagittal infarction at term [694], suggests 

these events facilitate damage expansion into penumbral regions. My research data supports 
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accumulating evidence that cooling reduces seizure burden in term infants with HIE [248], 

and restores the higher EEG frequencies in preterm fetal sheep [65]. Of interest, the seizure 

incidence was less in cooled newborns with moderate but not severe HIE [548], compared 

to newborns from the pre-cooling era (26 vs. 61% and 83 vs. 87%), supporting trial data that 

therapeutic hypothermia is generally most effective in the term neonates with moderate HIE 

[271], and that seizures are primarily epiphenomena of evolving brain damage. 

We speculated in chapter 5 that faster restoration of SEF and reduced suppression of EEG 

amplitude during early whole-body cooling (started at 30 min) may be a good biomarker of 

the clinical response to therapeutic hypothermia [747], mediated at least partially through 

increased preservation of the basal ganglia or synaptic architecture [65]. A previous report 

demonstrated that moderate head cooling restored overall loss of hippocampal, striatal and 

thalamic neuronal nuclei to control values in asphyxiated preterm sheep fetuses [65], with 

selective neostriatal protection of immunoreactive Calbindin-28 kd projection neurons and 

GABAergic nNOS-containing interneurons [722; 255]. Intra- and post-asphyxial cooling in 

newborn rats also reversed the ultrastructural abnormalities in neostriatal and hippocampal 

postsynaptic densities [114; 121; 493], improving neural network transmission. Damage to 

the perirolandic cortex is minor at this age, even after severe asphyxia [37; 254].  

Intriguingly, in preterm-equivalent (0.7 gestation) fetal sheep, higher EEG frequencies also 

normalized alongside EEG power with mild subcortical damage, whereas persistent loss of 

high-frequency activity was observed with severe subcortical damage [386], supporting our 

research results that SEF represents an indirect biomarker of post-asphyxial recovery [238]. 

Moreover, lowered SEF was correlated with severity of MRI-defined white matter injury in 

preterm infants [339]. Thus, the relationship between EEG amplitude and temperature, in 

combination with monitoring of SEF recovery might support clinical decision-making in 
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cooled neonates with HIE. However, clinical studies have also shown that SEF either had 

low sensitivity for HIE in term babies [696], or did not identify neonates with this condition 

[781]. Thus, more research is required to validate this parameter in the setting of HIE. 

What about preterm brain monitoring in clinical practice? 

Compared with full-term neonates, accurate prediction of neurological outcome in preterm 

newborns with EEG is more complicated as electrocortical characteristics are still actively 

developing [19]. For example, from 27 to 32 weeks gestation, EEG background activity is 

highly discontinuous, with periods of quiescence (i.e. the inter-burst interval) frequently 

alternating with continuous activity [13]. These inter-burst intervals (~30 sec in infants less 

≤ 30 weeks gestation) shorten with maturation, and contribute to ~72% greater median 

continuity in the first week of life [760; 522]. Sleep-wake states appear on EEG from ~30 

weeks gestation, but sleep-wake cyclicity emerges from ~25-26 weeks gestation [709]. 

In response, investigators have developed ‘normative’ ranges for electroencephalographic 

characteristics at different human gestational ages [523; 510; 733], and semi-quantitative 

scoring systems for assessment of preterm cerebral function [678; 108]. However, this is an 

area of active research and would require further validation with induced hypothermia (see 

chapter 1.9.4 for effects of cerebral cooling on EEG) in preterm neonates. Comorbidities that 

can confound long-term neurodevelopmental outcome following perinatal asphyxia include 

bronchopulmonary dysplasia, necrotizing enterocolitis and neonatal sepsis [585; 635; 518]; 

the precise impact of these conditions on EEG prediction remains unclear. 

8.2.5. Can we optimize clinical hypothermia at term? 

In term infants with moderate-severe HIE, therapeutic hypothermia reduces death or severe 

disability from ~55 to 45% [690]. Thus, many newborns still die or survive with deficits. 

This requires new approaches to improve hypothermic protection, which include potential 
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neurotherapies like rEpo, but also strategies that optimize existing hypothermia protocols. 

The latter was not investigated for this thesis, but merits discussion in light of advancing 

neonatal neuroprotection. As detailed in chapter 1.8, additional neurological improvement 

might arise from reducing the delay to starting hypothermia; i.e. through prompt diagnosis 

and initiating induced cooling at the referral center or during neonatal transport [593]. This 

hypothesis is lent support by animal studies [753] and limited clinical evidence [705]. 

Therapeutic hypothermia - is it just a matter of time? 

In a cohort study of encephalopathic survivors, hypothermia within 3 hours from birth was 

associated with increased median psychomotor (BSID-II; 88 (95% CI; 82-93) vs. 77.5 (71-

84.5); P = 0.033), but not mental (91 (83-98) vs. 88 (79-96); P = 0.59), development index 

scores at 18-20 months of age compared to cooling started after 3 h of birth [705], despite 

more severe HIE in the babies that received early hypothermia. The TOBY trial also reported 

a trend towards reduced relative risk for neonatal death or severe disability at 18 months of 

age in infants cooled within 4 hours of birth (0.77 (0.44-1.04) vs. 0.95 (0.72-1.25); P = 0.21), 

compared to neonates in whom hypothermia was initiated from 4 to 6 hours after birth [24]. 

Another small cohort trial in asphyxiated term babies showed improved short-term outcomes 

in those infants cooled within 1 h from birth, with fewer seizures and aEEG abnormalities, 

and reduced periods of ventilation and hospitalisation [799]. Greater improvement was not 

observed in infants treated earlier in the CoolCap trial (median randomisation age; 4.8 h), 

although few babies (~12%) received hypothermia within 4 hours from birth [271].  

Ultimately, these studies highlight the formidable challenges of starting hypothermia early, 

especially in outborn neonates. The multicenter trials that first assessed therapeutic cooling 

in term infants with HIE recruited within a narrow, mean time frame of 4.3 to 5 hours from 

birth [271; 649; 24]. One recent observational report on clinical hypothermia in the United 
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Kingdom showed cooling is now being started at a median of 3.3 hours (interquartile range; 

1.5-5.5) after birth, and more than 12 h from birth in 2.2% (29 of 1331) of asphyxiated babies 

[21]. This suggests that hypothermia is now started sooner as part of routine clinical care. It 

also demonstrates that, similar to preterm babies, therapeutic cooling outside the trial criteria 

is not uncommon, despite lacking supportive evidence. One randomized phase II-III trial is 

in progress investigating whether late hypothermia (for 96 h) starting from 6 to 24 h of age 

can reduce death or disability in term babies with HIE (ClinicalTrials: NCT00614744). 

A little cooling is good, but would more be better? 

In addition, as discussed in chapter 1.8.2, critical neuroprotection is achieved with core or 

extradural temperatures below 34ºC, which are typically reached within 60 min of starting 

induced hypothermia in fetal sheep [45; 168]. This process can take up to 3 hours in neonatal 

intensive care [21]; the potential deleterious effects of delay in reaching target temperature 

are unknown. Furthermore, recent studies demonstrated that an additional reduction in rectal 

temperature of 1.5ºC and / or 48 h of extra cooling did not further improve outcome, relative 

to standard hypothermia (with a reduction in rectal temperature of ~3.5ºC for 72 hours) [650; 

9; 168]. Even though these studies indicate that the depth and duration of therapeutic cooling 

is already near-optimal, it is possible that smaller adjustments to standard hypothermia might 

still optimize current cooling care. By comparison, the ideal rewarming rate from therapeutic 

hypothermia is surprisingly understudied, as discussed in the next section. 

The rewarming rate from therapeutic hypothermia 

The randomized clinical trials of therapeutic hypothermia for HIE rewarmed neonates at no 

greater than 0.5ºC per hour [271; 649; 24; 658; 351]. This cautious approach was based on 

empiric concerns that fast rewarming after cooling might destabilize cardiovascular or neural 

function [706; 50], or would reverse the suppression of potential deleterious processes such 
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as excitotoxin release and oxidative stress [507; 312]. This measure is entirely reasonable on 

precautionary grounds but it was not actually based on strong scientific evidence [167]. 

Wang and colleagues showed that more rapid rewarming after hypothermia (at 4ºC/h) was 

associated with greater caspase-3 activation in the cerebral cortex of asphyxiated neonatal 

swine, compared with piglets subjected to slow (at 0.5ºC/h) rewarming. However, since the 

period of hypothermia was applied for a sub-optimal 18 hours after HI, this better outcome 

might also be attributed to the longer duration of cooling provided by slow rewarming [739]. 

Spontaneous rewarming within 1 hour (from 32.5 ± 0.6ºC to 39.4 ± 0.1ºC) after 72 hours of 

hypothermia was also associated with transient stereographic seizures in the near-term fetal 

sheep [258], despite robust cortical protection. However, these outcomes were not compared 

between spontaneous and slow rewarming. Conversely, seizures have also been described in 

infants with HIE, despite slow rewarming (at 0.5ºC/h) after induced hypothermia [50; 385]. 

Nevertheless, controlled rewarming potentially mitigates the deleterious effects of rebound 

hyperthermia; a high-risk factor for death or disability in babies with HIE [646]. 

There is limited evidence on the adverse effects of rapid rewarming in adult animals, albeit 

after short periods of cooling. In anesthetized rodents, 20 minutes of systemic hypothermia 

to 28.5 ± 0.5ºC, followed with rewarming (to 37ºC) over 30 min or 120 min, had no adverse 

biochemical or neurobehavioral consequences, although rodents exposed to fast rewarming 

exhibited greater cardiac output, heart rate and peripheral vasodilatation [219]. Likewise, in 

the adult gerbil with transient forebrain ischemia, fast rewarming from 24ºC for 2 hours was 

associated with distinct loss of hippocampal neuroprotection, and a transient post-ischemic 

rise in extracellular lactate and glutamate levels in the hippocampus [506].  

Collectively, these experimental data indicate that fast rewarming after hypothermia might 

lead to adverse neural, metabolic or cardiovascular consequences. However, this is derived 
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mainly from preclinical studies that tested short, sub-therapeutic periods of cooling. Thus, 

in summary, an important area of research will be to examine whether earlier hypothermia 

(during neonatal transit), smaller incremental changes to ‘standard’ hypothermia (i.e. depth 

and duration), and other rewarming protocols can improve hypothermic neuroprotection. 

8.2.6. Future neurotherapeutics - recombinant erythropoietin 

As discussed in chapter 1.11, other strategies for improving the outcomes from HIE involve 

testing preclinical drugs for potential translation into single or multimodal, neuroprotective 

interventions. Treatment with rEpo reduces brain damage and improves the outcomes from 

stroke [734; 274], HI [406; 723], and intra-uterine infection [586]. However, most evidence 

of this was derived from small animal models and few investigators assessed its efficacy in 

conjunction with induced hypothermia, which is standard-of-care for term infants with HIE 

[350]. Hence, the studies in chapters 6 and 7 provide important, translational data on rEpo-

induced protection after hypoxia-ischemia in preterm and term-equivalent fetal sheep. 

The “curse” of choice - what therapeutic regimen to test? 

Although delayed, sustained rEpo infusion was protective in our studies (in chapters 6 and 

7), it is important to appreciate that the optimal therapeutic regimen for acute HIE remains 

largely unknown. Neuroprotection with peripheral injection of rEpo has been reported over 

a wide range of dosages in neonatal rodents, from 1000 to 30,000 IU/kg [583]. The greatest 

improvements after 48 hours and 7 days recovery were achieved after three daily injections 

of 5000 IU/kg started immediately after HI [384]. In comparison, three repetitive doses of 

2500 or 30,000 IU/kg resulted in less or insignificant neuroprotection [384], whereas a single 

injection delayed for 1 to 3 h after HI had greatly diminished efficacy [7]. These observations 

indicate that rEpo-mediated neuroprotection is both temporal and dose-dependent. However, 

these findings are not reproduced consistently in the literature [583].  
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For example, Zacharias and colleagues demonstrated that 5000 but not 20,000 IU/kg rEpo 

abolished propofol-induced neuronal degeneration in anesthetized P6 rats [801], whereas 

one injection of 30,000 IU/kg, immediately before or after HI, attenuated cerebral lesions, 

apoptosis and astrogliosis in P7-8 rats [384; 101]. Likewise, in P5 mice treated with ibotenic 

acid (an excitotoxin), a single injection with rEpo (5000 IU/kg at 1 hour) reduced white and 

grey matter lesions [383], but additional injections at 24, 48, 72 and 96 hours did not provide 

further benefit. In P10 rats subjected to stroke, repeated rEpo dosing (1000 IU/kg, at 0 and 

24 hours, and 7 days) improved long-term brain volumes and neurocognitive function [274], 

whereas single-dose (5000 IU/kg upon reperfusion) rEpo-treated animals showed protection 

after two weeks but were similar to vehicle-treated rats at 3 to 4 months [129]. 

Moreover, multiple dosages at 1000 IU/kg delayed until 48 h after HI in P7 rats attenuated 

white matter injury, increased proliferation and maturation of oligodendroglia and neurons, 

and improved neurobehavioral outcome [344], but it did not reduce the cerebral volume loss 

after two weeks recovery. This is a critical finding since one third of newborns that receive 

hypothermia are admitted after 6 h of birth [569]. Clinically, 300 or 500 IU/kg rEpo injected 

each other day from 48 h until two weeks of life, reduced death or disability at 18 months of 

age in infants with moderate HIE (24.6% vs. 43.8%, P = 0.02), compared to supportive care 

[811]. In term newborns with mild to moderate HIE, 2500 IU/kg rEpo (five daily injections) 

initiated at 4 to 6 hours of birth also significantly reduced neurodevelopmental impairment 

at 6 months [213], despite similar MRI outcomes to untreated patients at three weeks. There 

are no comparable studies on preterm neonates with HI, and the evidence on rEpo-induced 

protection in ‘normal’ preterm babies is reviewed in chapter 1.11.3 (also see [806]). 

Taken together, these findings suggest that repetitive rEpo injections are required to sustain 

long-term preservation of cerebral tissues and neurological improvement, and can extend the 
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therapeutic window after HI. Consistent with this, the studies described in chapters 6 and 7 

provide translational data on acute rEpo-mediated protection after HI in preterm and term-

equivalent sheep fetuses, using a novel approach of delayed but sustained rEpo infusion for 

3 days. Additional studies are required to test whether protection was maintained long-term 

and whether this regimen can be optimized (i.e. different doses, or longer infusion). 

Recombinant human erythropoietin - acute vs. late strategies 

The preclinical studies discussed in chapters 6 and 7 demonstrated acute, independent Epo-

mediated protection after HI in preterm and term-equivalent sheep fetuses. The observation 

that very delayed (from 24 hours after HI) rEpo therapies can recover neurological function, 

even without the preservation of brain tissues warrants further discussion [344]. After bulk 

cellular death during the secondary phase, there are ‘tertiary’ mechanisms such as persistent 

inflammation and epigenetic modulation that impair proliferation and maturation of neurons 

and glia, and alter synaptogenesis and neurite outgrowth [236]. 

In adult and neonatal rodents, high-dose rEpo treatment initiated 24 h or longer after stroke 

and HI promoted restructuring of surviving brain tissues [427], and stimulated proliferation 

and differentiation of oligodendroglia and neurons [742; 344]. Of particular interest, in adult 

rats, rEpo injections (5000 IU/kg) started from 24 h after stroke did not reduce the ischemic 

lesion (34.4 ± 5.6 % vs. 32.8 ± 4.4%) or overall loss of CNPase-positive oligodendroglia in 

the striatum and corpus callosum at 7 days relative to saline-treated rats, but did increase the 

numbers of myelinating oligodendroglia and myelinated axons at 28 and 42 days after stroke 

[807]. With lentivirus labeled cells, Zhang et al demonstrated that these oligodendrocytes 

were generated in the peri-infarct white matter or derived from subventricular zone neuronal 

progenitor cells. These rEpo-induced effects on the oligodendroglia were reproduced in vitro 

[807], and increased synapse transmission and neurite growth in hippocampal cultures [756; 



Chapter 8 - Summary and Discussion 

280 

536]. Finally, rEpo maintained neurovasculature via endothelial protection and angiogenesis 

[430], and ameliorated post-ischemic disruption of the blood-brain barrier [431; 744].  

Of these restorative properties, its effects on the vasculature appears critical. rEpo-mediated 

revascularization after HI in P7 rodents was associated with augmented neurogenesis in the 

subventricular zone and migration of these neural progenitors into the injured striatum and 

cortex [343]. In association, rEpo-activated endothelial cells in culture were shown to secrete 

matrix metalloproteinases that induced neuroblast migration [743], wherein blood vessels 

acted as scaffolding for transiting precursor cells following HI [697; 399]. In adult rats after 

embolic stroke, rEpo- mediated increase in VEGF also induced angiogenesis [742], whereas 

treatment with anti-VEGF antibodies decreased both angiogenesis and subventricular zone-

derived progenitor recruitment after demyelination in adult mice [120]. Further, the infusion 

of mitotic inhibitor Ara-C abolished hippocampal neurogenesis and cognitive improvement 

after traumatic brain damage and rEpo treatment in adult rats [808].  

Taken together, the combined rEpo-mediated effects on proliferation and differentiation of 

oligodendroglia and neurons, and facilitation of migration of these new cells into damaged 

regions of the brain through its actions on the neurovasculature, might prove critical for the 

repair of oligodendrogenic and neural architecture, and improving neurological outcome. In 

the neonatal brain, less than 1% of new neurons survive at 2 weeks after HI [343], and drugs 

such as rEpo might have potential to improve this. Like acute rEpo-induced neuroprotection 

discussed above, the optimal rEpo regimen for neurorestoration remains unknown. Whether 

the combination of acute (for protection) plus late (for repair) treatment improves outcomes 

further is unclear. Additional studies are required to resolve these questions. 
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8.2.7. Hypothermia and rEpo - non-additive neuroprotection? 

The major finding in chapter 7 was that combined treatment with delayed cerebral cooling 

and high-dose rEpo infusion, from 3 to 72 hours after cerebral ischemia, was not associated 

with additive improvement in neuronal survival or inflammation in the parasagittal parietal 

cortex, or greater recovery of EEG activity, cytotoxic edema or sleep state cycling, relative 

to hypothermia alone. The reasons for the non-additive effects are unclear. In part, the lack 

of additive protection might relate to the marked improvement in neuronal survival to near 

sham levels after hypothermia, which limited the potential for rEpo to improve outcome. It 

might also reflect a sub-optimal rEpo regimen or partial overlap of protective mechanisms. 

How does this compare to other animal studies on co-treatment? 

The present data are consistent with limited variable evidence on combined treatment with 

rEpo and hypothermia. In newborn rodents subjected to HI, concurrent rEpo injections and 

short duration of systemic cooling did not provide white matter or neuronal protection [225], 

and exerted borderline additive effects on neurobehavioral functioning [224]. In non-human 

primates asphyxiated at birth, hypothermia plus repeated injections of high-dose rEpo (four 

doses at 30 min, 24 and 48 h, and 7 days) improved neurocognitive and motor response, and 

reduced death or disability [713]. However, these outcomes were not better than mild cooling 

alone. In adult pigs exposed to hypothermic circulatory arrest (brain temperature of 20ºC, 

for 60 minutes), peri-operative treatment with rEpo (500 IU/kg, 24 and 3 hours prior cardiac 

arrest, and 24 hours after) resulted in fewer cerebral infarctions (2/8 vs. 8/8 sham pigs) and 

a trend (P = 0.15) to improved neurological outcome after six days recovery [266] 

As discussed in chapter 1.11.3, treatment in these preclinical studies was begun earlier than 

has been possible in human trials of neuroprotection [271] and routine clinical practice [21]. 

In addition, the rodent studies had considerable within-group variation in the extent of brain 
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damage after HI [224; 225], which might be related to the paradigm used [591]. In the non-

human asphyxiated primates, mid-study changes were also made to occlusion duration and 

rEpo dose [713]. These variables might have affected outcomes of these preclinical studies. 

Nevertheless, taken overall, these previous data are consistent with non-additive protection 

after co-treatment with hypothermia and rEpo, supporting our findings from chapter 7. 

Was our rEpo regimen sub-optimal for additive neuroprotection? 

The critical dose and duration for rEpo-induced protection is still unknown, and so treatment 

protocols and outcomes have been variable. Given the previous experience with fluctuating 

plasma Epo concentrations during repetitive injections [474], and that outcomes were better 

after prolonged infusion with antibiotics [594], we hypothesized in chapter 6 and 7 that rEpo 

infusion for 72 hours might provide better cerebral protection. This approach was associated 

with neural efficacy and stable plasma levels in asphyxiated preterm fetal sheep [750]. In the 

near-term fetal sheep studies, this infusion was associated with protection and a non-linear 

increase in plasma Epo concentration (see Figure 8.3), despite identical weight-based dosing.  

 

Figure 8.3. Plasma Epo concentrations (mIU/mL) in the preterm occlusion-vehicle (white 
circles) and occlusion-Epo (black circles) sheep fetuses, and the term-equivalent ischemia-
vehicle (white squares), ischemia-Epo (black squares) and ischemia-Epo-hypothermia fetal 
sheep (grey squares) before and after (sham) occlusion (t = 0). rEpo was administered from 
30 min (asphyxia) or 3 h (ischemia) after occlusion until 72 h (starter dose 5000 IU/kg, and 
an infusion of 833.3 IU/kg/h). Data are presented as mean ± SEM; derived from chapters 6 
and 7. *P<0.05, ischemia-Epo and ischemia-Epo-hypothermia vs. occlusion-Epo. 
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The mechanisms that underlie Epo clearance in neonates appear to be receptor-mediated by 

hematopoietic and non-hematopoietic tissues [732; 509], whereas hepatic metabolism and 

renal elimination are less important [355]. Of interest, the clearance of Epo in term neonates 

with HIE was also slower than in preterms that received comparable doses [782]. Thus, these 

results suggest reduced receptor expression in mature fetal sheep, which might have resulted 

in saturation kinetics for this rEpo regimen. Whether this attenuated the neuroprotection and 

contributed to the non-additive effects of combined treatment is unknown. Additional studies 

are now needed to establish the optimal dose-response for rEpo infusion for acute protection, 

targeting different plasma concentrations (from 5000-30,000 mIU/mL). Similarly, previous 

animal evidence suggests that delayed but prolonged rEpo treatment beyond 72 hours might 

be beneficial [344; 412]. Thus, further investigation should also focus on potential for rEpo 

to improve neurorepair following rewarming from therapeutic hypothermia. 

Was there partial overlap of neuroprotective mechanisms? 

The protective mechanisms of these two treatments must be taken into consideration. rEpo 

and hypothermia have both been shown to inhibit apoptosis and inflammation, and release 

of excitotoxins and free radicals after HI [753; 783]. Hence, lack of benefit from combined 

treatment in the above preclinical studies and this mechanistic evidence suggests that their 

mechanisms of action overlap. This hypothesis would be consistent with the data presented 

in chapters 6 and 7. Previous studies also reported non-additive neuroprotection with delayed 

hypothermia and either glutamate receptor (dizocilpine) blockade or anti-apoptotic insulin-

like growth factor-1 after HI in sheep fetuses [287; 257; 256]. Hypothermia suppresses cell 

metabolism and hypoxia-induced protein synthesis [196], raising the possibility that induced 

cooling might depress the receptor-mediated, prosurvival rEpo effects [583]. 



Chapter 8 - Summary and Discussion 

284 

Finally, in asphyxiated newborn rats, darbepoetin-alpha (2.5 µg) and one hour of systemic 

hypothermia (with rectal temperature kept at 33ºC) provided better hippocampal protection 

than hypothermia alone [673], indicating there can still be regional benefits from combined 

treatment. Consistent with this, a small cohort trial of fifty encephalopathic term neonates 

showed that co-treatment with rEpo (1000 IU/kg, at days 1, 2, 3, 5 and 7) and hypothermia 

attenuated subcortical (i.e. in the basal ganglia, thalamus and internal capsule; 30% vs. 68%, 

P = 0.02) and cerebellar damage (0% vs. 20%, P = 0.05) on modern imaging, and improved 

long-term motor and neurocognitive function compared to infants that received hypothermia 

alone within 6 h of birth [784]. However, there was no additive improvement in the cerebral 

cortex (17% vs. 36%, P = 0.26), which supports our observations from chapter 7. 

As highlighted in chapter 7.6, the analyses of histological changes in subcortical and white 

matter are in progress for these studies. However, the lack of additive improvement in EEG 

recovery (interaction effect between hypothermia and rEpo; P = 0.80, chapter 7.5) suggests 

there was overall lack of benefit from co-treatment (with a loading dose of 5000 IU/kg, and 

a constant infusion at 833.3 IU/kg/h). Indeed, cerebral cooling from 3 hours restored neural 

survival to near sham values in this paradigm. This limited the potential for rEpo to further 

improve outcome. Given the experience that mild hypothermia is generally more protective 

in animal studies than in clinical practice, one potential approach would be to initiate cooling 

later (from 3-6 hours) in fetal sheep. This might expose a window for effect with rEpo. 

The potential risks of erythropoietin-based neurotherapies 

Recent clinical (phase I/II) trials in human preterm and term neonates, conducted to evaluate 

the safety, feasibility and appropriate dosing for postnatal rEpo treatment have not identified 

any of the complications that have been reported in adults (i.e. hypertension, polycythemia, 

thrombosis, seizures or death) [313]. The meta-analysis of five trials that included preterm 



Chapter 8 - Summary and Discussion 

285 

and very low birthweight newborns showed that low-dose rEpo (250-400 IU/kg) for anemia 

prevention improved outcomes without adverse side-effects [741]. Higher dosing with 500-

3000 IU/kg rEpo for neuroprotection also did not increase the mortality or morbidity in small 

preterm cohorts [370; 226], and reduced MRI brain injuries at term-equivalent age [424] and 

relative risk of moderate-severe impairments (RR = 0.32, 95% CI; 0.19-0.55, P < 0.01) at 18 

months of age [668]. Likewise, in term encephalopathic neonates, 250-2500 IU/kg rEpo was 

well-tolerated [811; 782], and improved brain injuries on MRI and long-term neurological 

outcomes [213; 784]. These clinical trials suggest that rEpo has a favorable safety profile in 

sick neonates. However, higher hemoglobin and hematocrit values, and red and white blood 

cell counts were reported after extended therapy in preterm babies [226; 668]. 

One potential concern in this population is that rEpo-mediated angiogenesis can contribute 

to retinopathy of prematurity (ROP). Although the available evidence for this association is 

inconsistent [579], in one clinical report, the cumulative rEpo exposure (after 6 weeks) and 

the postnatal day that treatment begun were associated with increased risk for progression 

of ROP in preterm neonates [103]. Likewise, in newborn rats, high-dose rEpo (5000 IU/kg, 

3 daily injections) initiated at birth did not worsen ROP, but higher concentrations (30,000 

IU/kg) increased vascular retinal pathologies after hyperoxia [662]. Promisingly, ROP and 

neutropenia [537] did not occur in previous trials of neuroprotection [370; 226], but caution 

is warranted for greater rEpo dosing. Reassuringly, there were no major adverse effects from 

higher-dose rEpo infusion in the studies detailed in chapters 6 and 7. The rEpo-mediated rise 

in systemic blood pressure (~3.6 mmHg) in preterm fetal sheep was transient and unrelated 

to hemoglobin or hematocrit [750]. This is consistent with earlier observations that neonatal 

hypertension is relatively rare with rEpo therapy. Nevertheless, there are limited data on the 

combined effects of therapeutic hypothermia and rEpo in newborns with HIE. 
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Critically, the long-term effects of high-dose rEpo on brain development are unknown. The 

administration of exogenous recombinant erythropoietin might inhibit endogenous Epo and 

EpoR expression, suppress apoptotic neuronal pruning or multipotent proliferative cells, or 

block protective microglial phenotypes after HI [787; 296]. These physiologic processes are 

critical components of development and endogenous neuroprotection. In this respect, I have 

conducted studies on rEpo treatment in normal fetal sheep, which are being analyzed now. 

Alternative neurotherapeutics - erythropoietin derivatives and mimetics 

In view of the above considerations, rEpo-based variants have been developed that augment 

its tissue-protective properties, while reducing or abolishing the hematopoietic effects. The 

well-known rEpo derivative, darbepoetin-alpha, is protective after hypoxia-ischemia, stroke 

and intracranial hemorrhage [55; 280; 673]. Its three-fold greater circulating half-life (than 

rEpo) allows less frequent patient dosing [559]. In ex-preterm neonates, darbepoetin-alpha 

(10 µg/kg, weekly) given until 35 weeks’ postconceptual age reduced neurodevelopmental 

impairment (defined as either cerebral palsy, visual or hearing deficits, or a cognitive score 

˂ 85 on BSID-III; 11.1 % vs. 41.7% (3 vs. 10 infants); P < 0.01) at 18-22 months corrected 

age, compared to placebo recipients [539]. In the same cohort, the full-scale and performance 

intelligence quotient (assessed with Wechsler Preschool and Primary Scale of Intelligence 

III; 94.5 ± 16.1 vs. 79.2 ± 18.5 and 94.5 ± 16.1 vs. 79.5 ± 19.5; P < 0.05), and the executive 

function (P < 0.05) were all significantly improved at preschool age [538].  

Of particular interest in these studies is that darbepoetin-alpha and rEpo (400 IU/kg, thrice-

weekly) showed similar improvement in neurodevelopmental outcome. Hence, it would be 

of considerable interest whether higher therapeutic doses, equivalent to 1000 to 2500 IU/kg 

rEpo, would be more protective. Encouragingly, in encephalopathic infants that underwent 

hypothermia, darbepoetin-alpha (at 2 or 10 µg/kg) administered within 12 hours from birth 
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and at 7 days showed similar adverse events (hypotension, altered liver and renal function, 

seizures, and death) to placebo and historical controls [49; 595]. Additional clinical trials are 

required to determine whether high-dose darbepoetin-alpha can further reduce mortality and 

morbidity in newborns with acute hypoxic-ischemic encephalopathy. 

The enzymatic desialylation of rEpo, known as asialo-Epo, produces a non-erythropoietic 

analogue that retains high-affinity for the homodimeric EpoR [376], but has a shorter serum 

half-life (approx. 2 min vs. 6 hours). Morishita and colleagues showed in vitro that a transient 

period (~5 min) of rEpo exposure was neuroprotective [485]. rEpo-mediated erythropoiesis 

required more prolonged stimulation [117]. Consistent with these data, asialo-Epo protects 

oligodendroglia and neurons from neonatal HI, spinal cord damage and encephalomyelitis 

[217; 746; 630], without altering hematocrit. Carbamylated Epo, another derivative in which 

lysine residues are replaced with homocitrulline using potassium cyanate, has a comparable 

serum half-life to rEpo but is non-erythropoietic and does not bind to the classic EpoR [422]. 

Despite this, carbamylated Epo has comparable cytoprotective and anti-inflammatory effects 

to recombinant erythropoietin or asialo-Epo in the heart and brain [734; 791; 436; 788].  

This striking observation led to the hypothesis that these tissue-protective effects might be 

mediated via another heteroreceptor, comprised from the EpoR and βcR [99], as discussed 

in chapter 1.11.3. More recent efforts to delimit the tissue-protective domains within rEpo 

have led to mimetic, designer peptides that correspond with the C alpha-helix (Epotris) and 

helix-B (amino-acid residue 92-111 and 58-82) regions of human erythropoietin. These non-

erythropoietic, small peptide sequences are protective in vitro and in vivo [100; 553], and 

cross the blood brain barrier more efficiently than rEpo, making them attractive for clinical 

applications. Finally, in addition to these structural variants, pharmaceuticals that stimulate 

Epo gene expression through prevention of HIF-1 degradation (i.e. HIF-stabilizers) represent 
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a new class of protectants [660; 503]. However, unlike asialo-Epo, none of these compounds 

are physiologic metabolites, and their pharmacodynamics require further investigation. 

8.3. Closing Thoughts 

The introduction of this doctoral thesis described perinatal brain damage in the preterm and 

term newborn, and discussed the pathophysiological processes via which hypoxic-ischemia 

(i.e. the primary phase) evolves into irreversible brain damage during the subsequent hours 

to days (i.e. during the latent and secondary phases). The experimental studies in this thesis 

aimed to further understanding of these sequential, mechanistic pathways as well as develop 

and understand potential biomonitoring tools and therapeutic interventions that can improve 

the long-term neurodevelopmental outcomes of neonates after HIE. 

Consistent with earlier evidence, these data demonstrate that chronic, stable hypoxia in the 

term-equivalent fetus is associated with progressive cardiovascular and neural compromise 

during brief asphyxia repeated at a rate consistent with first-stage labor. The development of 

hypotension and cephalic hypoperfusion are known potentiating factors for neuronal damage 

during severe asphyxia, and is associated with a loss of cerebral autoregulation when blood 

pressure falls below baseline. ST waveform monitoring proved to be a sensitive marker for 

the onset of asphyxia in these studies but did not identify fetal compromise. This finding is 

in line with recent clinical meta-analyses [619]. Hypothermia improves outcomes for infants 

with moderate to severe HIE, but is incompletely neuroprotective at term and is not available 

for preterm neonates due to safety and efficacy concerns. These data combined with previous 

preclinical studies that reported hypothermic neuroprotection, suggest that cooling might be 

a viable treatment in preterm neonates, and that efficacy can be monitored through recovery 

of higher electroencephalographic frequencies. Small phase I-III clinical trials of therapeutic 

hypothermia in preterms are now in progress and will shed light on its safety. 
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Recombinant human erythropoietin also provided oligodendroglial and neuronal protection 

after hypoxia-ischemia in the preterm and term-equivalent fetus, with minimal side-effects 

after continuous, higher-dose infusion. These results support increasing evidence that rEpo-

based intervention is an effective and safe treatment for HIE, although its neuroprotective 

effects are non-additive after therapeutic hypothermia. Future investigations should focus on 

the neurorestorative and regenerative capabilities of Epo during the tertiary phase, to support 

development of more delayed interventions. Ultimately, our ability to improve brain damage 

and neurological outcome in asphyxiated neonates, through new biomarkers and therapeutic 

interventions, will be based on sound knowledge of its deleterious mechanisms. 
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