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I 

 

Abstract 

 
The primary purpose of this thesis was to investigate the effects of human amniotic epithelial 

cells (hAECs) on preterm and term brain injury after hypoxic-ischaemic (HI) insults. I also 

examined the long-term effects of asphyxia on the neural development, and the pre-HI 

conditioning of inflammation on the preterm fetal responses to asphyxia. A secondary aim was 

to assess the effect of hAECs on the recovery of fetal EEG, cardiovascular and 

cerebrovascular activity, biochemistry and cytokines after HI insults.  

In chapter 3, I tested the hypothesis that acute-on-chronic exposure to LPS would exacerbate 

white matter injury after subsequent asphyxia in preterm fetal sheep. Contrary to this 

hypothesis, the combination of acute-on-chronic LPS with subsequent asphyxia reduced 

neuroinflammation and white matter injury. 

In chapters 4 and 5, I examined the effect of hAECs given i.c.v. at 2 and 24 hours post- 

asphyxia in preterm fetal sheep, with outcomes studied at 7 days. HAEC treatment in both 

groups significantly reduced neuronal injury in selected subcortical regions, and improved 

CNPase positive cells in selected regions. These changes were associated with a significant 

reduction in microglia and astrocytes in both groups, and reduced plasma pro-inflammatory 

and increased anti-inflammatory cytokines and modulated seizure activity in the 2 hour, but 

not the 24 hour study.  

In chapter 6, I investigated the 21 day recovery of preterm fetal sheep after asphyxia, and 

observed that inflammation does not resolve. HAEC treatment via intranasal administration at 

1, 3 and 10 days after asphyxia significantly reduced neuronal injury, white matter 

hypomyelination, neural inflammation, and improved EEG maturation. 

In chapter 7, I examined the effects of hAECs given intravenously on injury after cerebral 

ischaemia with a 7 day follow-up. HAECs did not improve neuronal or glia cell loss, or reduce 

inflammation. Treatment was associated with an earlier onset of seizures. 

My data demonstrate, for the first time, that hAECs are neuroprotective after an HI insult in 

preterm, but not term fetal sheep. Treatment efficacy is in part due to immunomodulation. We 

did not observe an effect on cardiovascular or cerebrovascular variables suggesting the 

treatment is safe.   
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Chapter 1: Introduction 

Overview 

By way of general introduction, this section of my thesis gives a global overview of the issues, 

which form the basis for my studies. I will then go into greater detail in subsequent sections of 

my introduction. 

The problem 

Every day children are born without any serious complications. However, the transition from 

in utero to being self-sustained is dramatic, and problems can arise. In term infants, for 

example, 1-3/1000 live births are complicated by hypoxia ischaemia (HI) with consequent 

brain injury and disability.1, 2 Moderate hypoxic-ischaemic encephalopathy (HIE) is associated 

with a 10-20 % risk of death,3 and a 30% risk of disability and long-term adverse neurological 

outcomes.4 Many babies are also born preterm. Prematurity is defined as birth before 37 

completed weeks of gestation and globally around 15 million babies are born preterm each 

year; an estimated 11% of all births.5 These infants are at significant risk of mortality and 

morbidity.6-8 While preterm birth rates are lower (~9.4%) in most developed countries, this 

varies, and has been as high as 12.8% in the USA in recent years.5 In New Zealand in 2014, 

7.4 % of babies were born preterm.9 

Preterm birth is the number one cause of neonatal death, with most deaths occurring in babies 

less than 32 weeks.8, 10 Infants who survive are at increased risk of neonatal morbidities such 

as necrotising enterocolitis, retinopathy, cardio-respiratory complications, and neonatal neuro-

developmental disability.5, 11 While survival rates have significantly improved in higher 

income nations, there have only been modest reductions in long-term cognitive, sensory and 

motor disabilities,12-14 and no apparent improvement in disability in extremely preterm (< 25 

weeks gestation) infants.15-17 While younger babies are more at risk, with more than half 

having neurodevelopmental disability,12, 17 recent studies show that even late preterm infants 

(32-36 weeks gestation) have a doubling of the risk of neurodevelopmental outcomes assessed 

at 2 years of age, compared to their term counterparts.18, 19 

These infants and their families suffer physically, emotionally and financially from lifelong 

disability. For society as a whole, preterm birth poses a significant financial burden on health 

care and educational budgets, as well as general loss of earnings related to reduced 

productivity. As such, preterm birth is considered one of the leading indicators of the health of 
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a nation given that it is associated, not only with high mortality, but with significant 

morbidity.10, 20 In the USA, this translates to an annual cost estimated to be at least $26.2 

billion in 2003.6 More recent estimates show that the economic burden remains substantial,21, 

22 and even moderate to late preterm or near-term birth is associated with significant financial 

costs.23, 24 In New Zealand these costs have not been assessed in the same manner, but are 

likely to be very similar given that preterm birth is a leading cause of loss of lifetime health.25 

Patterns of brain injury and impaired brain growth 

Neurodevelopmental disability is, by definition, related to impaired brain activity, either as a 

result of injury leading to altered neural development, or impaired neural development 

secondary to adverse events in utero, and/or the stress of being born too soon. In both term and 

preterm infants, loss of neuronal and glial populations, an altered signalling environment due 

to inflammation or damage, and consequent impaired development of architecture ultimately 

leads to altered brain connectivity.26-28  

Injury patterns vary as a function of the type of insult and with the age at which the injury is 

sustained. HIE in term infants is often associated with a water-shed pattern of cortical injury, 

as the parasagittal cortex is supplied by the terminal arterioles within the border zone between 

major cerebral arteries. There is also, intragyral white matter loss, and basal ganglia-disruption 

patterns, which involves deep grey nuclei, the hippocampus and perirolandic cortex as well as 

the thalamus.29-31 Long-term, there are data to show that term infants can go on to develop 

impaired brain growth,32-34 reduced subcortical volumes and cerebellar growth, and extensive 

white matter loss.35, 36 

Cystic lesions and intraventricular haemorrhage is not often observed in term infants, but are 

seen in preterm infants, although with improvements in neonatal care, this type of severe 

injury is on the decline.37-39 Common patterns of injury in preterm infants are characterised as 

largely diffuse white matter injury, with microcystic lesions, and subcortical neuronal injury, 

but little frank acute cortical injury.39-41 Long-term, preterm infants are at greater risk of 

reduced volumes of subcortical neuronal populations, corpus callosal area, reduced cortical 

folding and reduced white matter volume.42, 43 Neural imaging in children 6-13 years who 

were born late preterm has shown that they had similar intracranial volumes to term infants, 

but less total tissue, particularly in the cerebrum, and in the cortex and sub-cortex as 

demonstrated by smaller thalami.44 They also had more cerebrospinal fluid, secondary to 

enlarged cerebral ventricles, which suggests white matter atrophy.44  



Chapter 1: Introduction 

3 

 

Underlying causes 

The factors leading to brain injury and impaired brain development are complex and 

multifactorial. Adverse perinatal events such as HI and infection and/or inflammation 

(infection/inflammation) are known contributors; these types of events are the focus of this 

thesis.45-49 However, for preterm infants, simply being born into an environment an infant is 

not physiologically ready to cope with, undoubtedly plays a role in abnormal development.50 

This may contribute to impaired maturation of oligodendrocytes, which is now known to 

occur.26-28, 51   

The brain may be protected in utero by production of neurosteroids, 52 and many other neuro-

inhibitory factors, which are produced in abundance during fetal life to keep the fetus 

unconscious.53, 54 Many infants who are born without experiencing any overtly apparent insult 

go on to have delayed or impaired neurodevelopment including learning disabilities, 

socialisation skills and adaptability, and emotional and behavioural problems.43, 55-59. This is 

also seen in late or very late preterm babies, a group that was previously thought to be at very 

low risk,58, 60, 61 where neurodevelopmental risk is still double that of term cohorts, and near-

term infants.19, 62 

With regards to adverse events, it is estimated that neural injury occurs before and during 

labour in the majority of cases (more than two thirds) with postnatal causes being least 

common.63-65 It is notable, that cerebral palsy (CP) rates remain constant despite 

improvements in obstetric and neonatal care, and this is likely because the primary causes of 

injury are in a large part prenatal in origin.66-68  

Adverse events such as HI insults and infection/inflammation (under conditions such as 

chorioamnionitis) are known mediators of injury and long-term impairment.28, 50, 69-71  

Globally, birth asphyxia accounts for 23% of neonatal deaths.3 In term infants, it is suggested 

that 44-80% of neonatal encephalopathy is related to HI insults before or during birth.65, 72 

While HI insults occur in a comparatively small percentage of preterm infants, the incidence is 

higher (73 per 1000 live births of whom 50 % are moderate or severe) than at term (20-25 per 

1000 live births of whom 15 % are moderate or severe).73, 74  

Chorioamnionitis complicates nearly all preterm births before 24 weeks 75 and a quarter to a 

third of births before 34 weeks.75-77 It is a condition that can also complicate term birth, and is 

associated with a more than four-fold increased risk for cerebral palsy after 36 weeks 

gestation.78 It is further associated with persistent acidosis, which may contribute to injury.79 
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A time to treat and treatment options 

Brain injury does not just happen during the initial insult, but rather evolves over time, with 

bulk cell loss occurring during recovery, creating windows of opportunity for treatment.69 

Treatment may be designed with the purpose of protecting cells from dying, or at least trying 

to reduce significant cell loss during the initial, or the secondary phase of injury 

(neuroprotection), or endeavour to repair the damage that has occurred. Encouraging the brain 

to proliferate new cells and ensuring the survival, migration and differentiation of these 

surviving and newly proliferated cells and stimulating connectivity, is the realm of neuro-

repair as opposed to neuroprotection. Understanding which phase of injury or recovery the 

brain is experiencing is important for choosing the right treatment for the right type and stage 

in injury development.80, 81.  

Currently, there is only one neuroprotective treatment in standard care, therapeutic 

hypothermia (TH), and this is currently deemed safe for use in term infants. Considerable 

experimental and now clinical evidence shows that this is an effective treatment if started early 

and continued for a sufficiently long period of three days.82, 83 However, despite evidence that 

TH can also protect the preterm brain, 84-88 in its current form TH is not used in preterm infants 

because of safety concerns regarding cardiovascular stability. 89 Despite this many hospitals 

are now extending the age group to include younger babies.83, 90 

Many other potential treatments, which may be safer or, which can augment milder cooling, 

are also currently being assessed both experimentally and clinically,91 such as melatonin,92-97 

and other antioxidants such as allopurinol and vitamin supplementation,98, 99 erythropoietin,100-

102 inducible nitric oxide synthase inhibitors,103 creatine supplementation,104, 105 neuro-steroids, 

106 growth factors,107-110 other endogenous protective agents,111-114 and anti-inflammatory 

agents,115-119 but to name a few.  

There is further an increasing interest in the use of cell therapy for neuroprotection and neuro-

repair in a variety of neurological conditions.120-124 The efficacy of stem cells, like TH, is 

multifactorial but does not lie in their ability to replace lost cells, rather through immune 

modulation (inhibition of inflammation) and stimulation of trophic factors and other agents 

that foster proliferation, cell survival, and cell maturation is achieved.120, 121, 123-125 Stem and 

progenitor cells are abundant and can be derived from many sources,120 as will be discussed in 

detail further below. In my Ph.D. studies, we elected to use human amniotic epithelial cells 

(hAECs). These cells are harvested from the inner lining of the amniotic membrane after 
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separation from the underlying chorion and have pluripotent potential as they are formed from 

the embryonic ectoderm before gastrulation.122, 123  

These cells have been used in a variety of clinical settings, such as wound healing, 

ophthalmologic injury, multiple sclerosis and more recently neonatal respiratory conditions 

such as bronchopulmonary dysplasia,121-123 and have been shown to provide perinatal 

neuroprotection under conditions of inflammation when given acutely.126-128 Their 

neuroprotection or repair potential primarily lies in their apparent ability to promote 

suppression of proinflammatory mediators and release of anti-inflammatory mediators,129-132 

and trophic and other cellular cuing factors.121, 122, 133 Additionally, they have low 

tumorigenicity and they are immune privileged due to their low expression of human 

leucocyte antigen (HLA) and co-stimulatory molecules, allowing for allogenic transplantation 

without the need for immune suppression.121-123  

To date, hAECs have not been evaluated in the context of perinatal neuroprotection after an HI 

insult in utero, and this is the overarching purpose of my thesis. In the following sections of 

my introduction, I provide greater detail on the information provided in this overview leading 

to the specific aims of my thesis.  

Causes  

The causes of brain injury and impaired neurodevelopment are multifactorial. However, as 

highlighted in the overview, oxygen deprivation and inflammation are proposed as key 

mediators.49, 72 In my PhD, the primary focus of my studies has been on asphyxia (as defined 

below) and the effects of hAECs on asphyxial injury. As part of my thesis, I also evaluated the 

effects of inflammation on the fetal adaptation to asphyxia. Thus in the next section of my 

thesis, I present information on both asphyxia and inflammation.  

Asphyxia  

Asphyxia accounts for 23% of neonatal deaths worldwide.3 In term infants, it is suggested that 

50-80% of neonatal encephalopathy is related to HI insults before or during birth.2, 72 While 

asphyxia occurs in a small percentage of preterm infants, the incidence is higher (73 per 1000 

live births of whom 50 % are moderate or severe) than at term (20-25 per 1000 live births of 

whom 15 % are moderate or severe).73, 74 Prepartum asphyxia is likely a significant contributor 

to cerebral palsy (damage to the developing brain leading to motor co-ordination difficulties, 

and in some cases intellectual and cognitive impairment) as many infants appear to have injury 
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that is prenatal in origin,66, 67 more so than injury due to asphyxia at birth.68 The relationship 

between cerebral palsy and birth asphyxia is complicated by variable definitions of both 

asphyxia and cerebral palsy.68  

As not all hypoxia occurs at birth, injury or impaired development may relate to earlier 

hypoxic insults, that is to say, insults may have occurred earlier in gestation,67, 134 or to the 

chronic inflammation which occurs secondary to such events.135 In a recent study of near-term 

small for gestational age (SGA) babies, for example, it was clear that many babies who did not 

have Doppler ultrasound evidence of placental insufficiency did have histologic changes in the 

placenta that indicated a history of placental under perfusion resulting in injury.58 

Asphyxia is defined as a combination of profound oxygen deprivation (hypoxaemia), 

increased carbon dioxide (hypercapnia) and mixed respiratory and metabolic acidosis; 

ischaemia (low blood flow) is a common feature of this insult. Hypoxia-ischemia (HI) is the 

reduction of blood flow resulting in a reduction or absence of oxygen availability. The 

potential causes in utero include compression of the umbilical cord, utero-placental 

insufficiency, impaired or malformed placental growth, abruption of the placenta where a part 

of the placenta may detach from the uterus, placenta praevia where the placenta sits low and 

may block the neck of the uterus, maternal hypotension or hypovolaemia, and maternal 

hypertension (such as occurs with pre-eclampsia).136-139 Some of these events may happen 

during labour, including preterm labour, but many occur well before.55 For example, impaired 

placental development and perfusion may cause chronic fetal hypoxia, and cord knots and 

nuchal cord (cord wrapped around the fetal neck leading to compression) can also occur well 

before birth.139, 140 Asphyxial insults are varied both in degree (mild, moderate, severe) and in 

timing (chronic, repeated, acute).136-138 

Experimentally, there are a number of small animal brain injury models that assess the effect 

of acute and chronic insults on the preterm brain. The most widely used is the post-natal Rice-

Vannucci model in rat pups, where one carotid artery is ligated and the pups are also exposed 

to inhalational hypoxia. This model produces a significant unilateral infarct, which differs to 

the patterns of injury seen in most preterm infants, and models post-natal hypoxic events 

rather than antenatal ones.141 Piglets have also been used to study acute insults at term, again 

this was postnatal.142-144 

An ischaemic rabbit model, where fetal kits exposed to global hypoxia initiated by acute 

inflation of an aortic balloon at a level proximal to the uterine arteries, produces post-natal 

offspring with CP.145, 146 More chronic insults have been produced in guinea-pigs,147, 148 and 
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rodents.149, 150 These experimental paradigms allow us to readily evaluate histological and 

behavioural outcomes in the offspring, but are limited in its assessment of the fetus.  

Chronically instrumented fetal sheep allow us to comprehensively assess the fetal adaptations 

to antenatal events in an un-anaesthetised state.151, 152 Acute hypoxia can be induced by 

reduction of uterine artery blood flow or umbilical cord occlusion (UCO)153, 154 and carotid 

artery ligation.155-158 The UCO produces a global insult, and can only be used for a limited 

duration before cardiovascular collapse, the carotid artery occlusion, while it is not a global 

insult, can be used for a prolonged duration. The limitation here is that only the brain is 

markedly affected, and thus the impact of injury on other organs on the adaptation of the brain 

post-insult is not modelled. UCO can be used to assess repeated insults of differing 

durations159-162 as well as single insults.163-165 It is difficult to produce a long single insult in 

term animals as the effect of global asphyxia on the heart significantly increases mortality 

before reproducible brain damage is achieved.163  

Prolonged UCO is used to study the effect of severe asphyxial insults (defined as more 

profound hypoxia, hypercapnia, mixed acidosis and ischaemia) on the preterm sheep fetus, 

which is robustly tolerant to this type of insult.166-175 Injury patterns are similar to those seen in 

human preterm newborns, with no acute cortical injury, but subcortical neuronal loss, and 

diffuse white matter injury.85, 92, 103, 114, 171, 176, 177 Fetal cardiovascular and cerebrovascular, 

behavioural and neural responses and blood chemistry can be assessed for days to many 

weeks, and if instrumentation is limited, the lambs delivered to be studied as neonates and 

perhaps as adults. I have utilised the acute single UCO model for my studies in preterm sheep 

fetuses and the bilateral carotid occlusion for my term sheep fetus study. Chronic hypoxia can 

also be studied via methods such as spontaneous hypoxia,157, 178, 179 or via manipulation such 

as carunclectomy,180, 181 microsphere embolization,182 and embolization and UCO,183 and 

single umbilical artery ligation.184 

Inflammation/infection  

Chorioamnionitis is defined as an infection of the placental membranes (the amnion and the 

chorion) that induces an inflammatory response of both the intrauterine environment and the 

fetus.185 Chorioamnionitis, as determined by histological assessment of the placenta and 

placental membranes, is surprisingly associated with organisms of relatively low virulence, 185, 

186 and treatment with antibiotics is of limited efficacy.187 Infant morbidity and mortality are 

linked to the fetus developing a systemic inflammatory response, often referred to as the fetal 

inflammatory response syndrome as a consequence of being in contact with the amniotic 
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environment and elevated cytokines.75, 186 Additionally, the maternal response to infection and 

inflammation may alter fetal and newborn responses to chorioamnionitis. In term infants, 

exposure to clinical chorioamnionitis (where the mother also has an inflammatory response) is 

associated with higher levels of fetal plasma cytokines when compared to those without 

clinical chorioamnionitis, suggesting maternal fever may have altered the sensitivity of the 

fetus.188  

Importantly, this condition is associated with numerous adverse neonatal outcomes including 

impaired brain development, CP, pneumonia and respiratory distress and the gastrointestinal 

disease necrotising enterocolitis, as well as later adverse neurodevelopmental and behavioural 

outcomes.49, 189 The Oracle trial follow-up suggests that antibiotics do not improve outcome,187 

and new combinations of antimicrobials are now being studied.190 

Chorioamnionitis is common in preterm babies and complicates nearly all preterm births 

before 24 weeks,75 and a quarter to a third of births before 34 weeks.75 It is highly associated 

with the bulk of preterm births characterised as spontaneous and as a consequence of 

premature rupture of the fetal membranes.77 It is a condition that can also complicate term 

birth. For example, recent data from the USA shows that the prevalence of chorioamnionitis in 

infants between 37-42 weeks was around 9.7 per 1000 live births, although this figure may 

underrepresent the true rate.191 Chorioamnionitis is associated with a significant risk of death 

and disability in older babies,191 for example, there is a more than four-fold increased risk for 

CP after 36 weeks gestation in infants with chorioamnionitis.79, 192  

Accurate assessments of the impact of inflammatory conditions are difficult to attain and as 

with HI insults, chorioamnionitis may occur, but may not be detected at birth.77, 189 

Chorioamnionitis may also occur in the absence of microorganisms, secondary to an 

inflammatory response to other injury.75 Insults can occur together or at separate times and our 

understanding of how this may alter brain development, or increase or decrease injury 

(sensitise or create tolerance to injury), is relatively poorly understood and is the focus of one 

of my studies.71, 135, 189, 193 

Experimentally, acute exposure to the gram-negative endotoxin lipopolysaccharide (LPS), 

particularly high doses, which are often administered directly to the fetus, is associated with 

significant compromise of the fetus. This includes fetal systemic hypotension, placental hypo-

perfusion, hypoxia and acidemia, and fetuses often die.194-197 Whereas, repeated doses can 

attenuate the cardiovascular effects of LPS (tachyphylaxis),198 and inflammatory reactions.199, 

200 Injury is largely diffuse white matter loss, with some reports of cystic lesions.195, 198, 201, 202 
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More recently, Strackx and colleagues note that injections of LPS into the amniotic sac for 

pregnant sheep 2 and 14 days before delivery at 125 days gestational was associated with a 

region specific increase in cytokines, toll like receptors (TLRs) and anti-oxidant mRNA 

activity and changes correlated with increased apoptosis and microglial activation.203 These 

changes were surprisingly expressed more in grey than white matter, although this is 

consistent with studies in guinea pigs exposed at 70 % of gestation to intraperitoneal injections 

of LPS.204 

This is in contrast to studies of intra-amniotic injections of LPS to pregnant sheep from 80-108 

days, which reported placental inflammation in a manner similar to chorioamnionitis, but that 

resulted in only mild inflammation of the brain and no apparent injury to white matter or 

similar injuries seen with acute doses.205-207 However, white matter but not grey matter injury 

is observed when preterm sheep of a similar age to those used in the Strackx study are exposed 

to 5 days of slowly ramping chronic infusion of LPS.208 This paradigm is also associated with 

impaired development of normal EEG patterns.209  

Other inflammatory agents have also been studied. A single intrapleural injection of a low 

dose (1KE) of OK-432, a product of killed gram-positive streptococci, was shown to produce 

moderate white matter injury and a bilateral hippocampal infarct in one animal.210 It did cause 

both acute and longer-term behavioural and cardiovascular effects, including transient 

cessation of fetal breathing and body movements,211 and progressive vasodilatation.210 

Collectively these studies confirm that timing of exposure, dose, and age of exposure can lead 

to different effects on the developing brain.  

Combinations of adverse events 

Both term, and in particular, preterm infants may experience combinations of adverse events 

such as asphyxia and inflammation, and indeed the experience of one condition may 

predispose to the other, as discussed later in this introduction.2, 55, 71 Fetuses that are SGA, for 

example, and thus more likely hypoxic, are at greater risk of morbidity if they have systemic 

inflammation as well as being SGA alone.71 Furthermore, impaired placental function or 

perfusion in association with chorioamnionitis, and increased adverse neurological outcomes 

in preterm infants surviving both insults.212-214 Postnatal treatments may also interact with 

insults. For example, ventilation is associated with greater cytokine release in very immature 

infants who have been exposed to chorioamnionitis,215 and in new-born sheep that have been 

given LPS to cause inflammation.216 Collectively, however, studies of additive effects of 
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multiple insults are limited, and a recent analysis of the literature reveals that follow-up of the 

outcomes of adverse events is surprisingly poor.55  

Experimental data in rodents suggest that the effect of combined insults on the brain may 

depend on the timing between insults and doses. Small doses of LPS given either within 6 

hours or more than 72 hours before HI can significantly increase white and grey matter injury. 

217-220 In contrast, injection of LPS at intermediate times such as 24 hours before an HI insult 

reduced subsequent neural injury i.e. preconditioned the brain.219, 221 There is evidence that 

dose, as well as timing, is important, since, low dose LPS reduced damage from subsequent HI 

24 hours later, a higher dose of LPS (0.3 mg/kg) was associated with increased inflammation 

and mortality.222  

These studies are all conducted in postnatal animals. There are limited antenatal combination 

studies. In preterm fetal sheep, high-dose LPS (50 µg/kg) given 1 hour before 2 min of 

occlusion of the maternal aorta impaired circulatory centralization and cerebral oxygen 

delivery, with increased mortality.223 Jantzie and colleagues have recently demonstrated in 

rats, that intrauterine exposure to LPS in combination with graded hypoxia late in gestation 

(day 18) resulted in increased injury and abnormal behavioural outcomes.214, 224 In contrast, 

injury was not seen in preterm sheep exposed to 4 weeks of intra amniotic LPS infusion 

followed by repeated short UCO.225 However, when LPS was given only an hour before 

intermittent UCOs in near-term fetal sheep, Xu and colleagues showed an increase in 

hippocampal injury.226 This could reflect timing or fetal age, but the authors are also cautious 

in their conclusions because of limited numbers in the study.226 

These experiments model the effects of bolus LPS injections, which are often high dose, rather 

than the slow, chronic, subclinical inflammation more typically seen clinically in combination 

with the effect of acute hypoxia.46, 47 In our laboratory we have evaluated the effects of a mid-

duration (15 min) asphyxial insult via UCO initiated after 5 days of chronic infusion of LPS 

with 3 superimposed boluses of LPS.227 In this study, LPS treated fetuses had an enhanced 

initial chemo reflex (fall in heart rate and vasoconstriction), but after this, there were no 

differences between groups.227 As part of my thesis I have examined the effect of asphyxia on 

brain injury patterns in this model of inflammation (Chapter 3).193  

Finally, combinations of events can include clinical treatments. We have shown that 

glucocorticoid administration after asphyxia can increase brain injury in preterm fetal sheep,228 

potentially through uncoupling cerebral blood flow and metabolism or hyperglycaemia.229 

Antenatal glucocorticoids given 14 days before delivery at 120 days gestation in fetal sheep 
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increased apoptosis, microglial and astrocyte recruitment, and reduced subcortical white 

matter volume. In contrast, if LPS was given 7 days before delivery, steroids prevented 

microglial activation and synaptophysin loss in the hippocampus.230 

Clinical patterns of injury  

Ongoing research has led to the advancement of our understanding of fetal and perinatal 

development of the brain. This complex process includes neuronal and glial proliferation and 

migration, organization of cortical layering, myelination, synaptic connectivity and finally 

pruning and strengthening of connections. This understanding has given us insight into the 

development of pathophysiology and greatly improved our ability to care for neonates, which 

has led to improved survival.231 However, despite this many infants still suffer long-term 

morbidities, particularly neurological impairments.55 The risk of neurological impairment 

increases in younger babies with 5-10 % developing CP and up to 50 % affected by 

behavioural, cognitive, vision, hearing, attention, motor or language deficit.56, 232-235 In this 

section I will provide a general overview of normal brain development followed by a 

discussion of the clinical presentation of brain injury, and finally long-term outcomes.  

Brain Development 

In human brain development neuronal migration is largely complete by 26-29 weeks gestation 

but evidence suggests that circuit formation begins independent of neural input around 17-21 

weeks in human development.236-238 Recent work by Ball and colleagues, using diffusion 

magnetic resonance imaging and neural network analysis, suggests that isolated cortical hubs 

establish interconnections by 30 weeks gestation.239 White matter maturation in late-gestation 

helps build these connections.240 Neurons extend dendrites and axons with the aid of 

scaffolding cells and molecular gradients. Synaptic assembly occurs around 19-21 gestational 

weeks and complexity and dendritic outgrowth increases rapidly between 27 and 32 weeks 

gestation, with synaptic density rapidly increasing during this time and after birth.241 Axonal 

and dendritic growth and branching is regulated by synaptic activity in the developing cortex 

in late gestation and after birth.242-244 Cortical layer 1 is formed at term and layers 3 and 4 

appeared between 32 and 34 weeks gestation.245 (Figure 1)  

Neuronal outgrowths and synaptic connections are produced in excess during the early phases 

of cortical development, 34 weeks gestation marks the entry into the peak period of 

synaptogenesis creating ~40000 new synapses every second.238 These later get pruned when 

the neural circuit is refined, keeping the circuits that are used and discarding underutilised 
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connections and outgrowths that do not receive the appropriate survival signals. 238 The 

deprivation of neurotrophic factors and chemokines and the production of repellent guidance 

molecules likely play a role on the pruning process.238, 242, 246-248  

White matter myelination progresses from the central sulcus outward and from posterior then 

anterior fronto-temporal sites.249, 250 Around 20-22 weeks gestation the earliest 

oligodendrocyte progenitors have migrated from the ventricular and sub-ventricular zones.251 

These cells form the pre-oligodendrocytes (preOLs) whose presence peaks between 23 and 32 

weeks gestation, which is the critical white matter formation period.252 The process of 

myelination occurs from the second trimester into adulthood but peaks in the first year of 

life.238 Myelination starts in the periphery before moving to the central nervous system and in 

the brain starts in the evolutionary older regions of the brain and cerebellum.249, 250, 253 (Figure 

1.1) 

Immature glia play an important role in the development of the neural network by secreting 

neurotrophic and morphogenic factors.254, 255 Thus, loss of glia after an HI insult reduces the 

release of neurotrophic factors, which in turn could lead to less connectivity and neural 

degeneration.254 Similarly, when there is loss of normal activity, as observed with activated 

microglia during inflammation, there is a risk of selective loss in cortical layer V, and 

impaired callosal and subcortical connections.256 Furthermore, proinflammatory cytokines 

secreted by activated microglia in and of themselves inhibit dendritic growth in vitro.257, 258 

The refining of synaptic connection that occurs in the developing brain after birth is, at least in 

part, mediated by a complex interplay between neurons, OLs, astrocytes and microglia.259, 260 

Astrocytes target synapses destined for elimination by secreting TGFβ, which in turn 

upregulates complement protein C1q, activating the complement cascade.260 This, in turn, 

leads to the reduction of excessive synapses by marking them with complement factor 3, 

making them recognisable to microglia for destruction.259, 260 This complex process of refining 

micro circuits is likely disrupted following microglial activation.259, 260 Thus, the age at which 

an insult is sustained will impact on the type of injury that occurs, as different cell populations 

are more vulnerable during different phases of maturation, and this, in turn, will dictate how 

the brain matures.   
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Figure 1.1 Schematic timeline of brain development in humans from 10 weeks gestation 

until term at 40 weeks. Figure was prepared by Lotte van den Heuij. 

Preterm injury 

It has been established both clinically as well as experimentally that damage to the white 

matter, as well as neuronal damage in the subcortical grey matter of the hippocampus, striatum 

and thalamus, are the most prevalent pattern of injury in surviving premature infants.43, 261-263 

Infants are at greatest risk of white matter injury (WMI) between 23-32 weeks of gestation.264 

In children with CP, magnetic resonance imaging (MRI) data showed that PVL was the most 

common injury (42.5 %).265 Preterm infants may also be at greater risk of intra- or peri-

ventricular haemorrhage (IVH and PVH respectively) which may relate to perfusion 

challenges during the perinatal period,266 but the rates of haemorrhage have declined in recent 

years.267 

White matter injury  

Three major forms of white matter injury are commonly identified: focal cystic necrosis, focal 

microscopic necrosis and defuse non-necrotic lesions.268 Cystic necrosis is the most severe 

form of injury with cysts over a millimetre in diameter in which all cell types are lost and 

typically results in CP (reviewed by Volpe 50). This type of injury is easily identified with 

cranial ultrasound or MRI.269, 270 In recent years some studies report that there has been a 

significant decline in cystic PVL,37, 39, 271 but others report no change in incidence.267 
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The more common form of PVL is diffuse white matter loss with low levels of micro lesions 

(1-5% of lesion burden).28, 271, 272 With improved imaging techniques, milder forms of WMI 

can be more readily detected.28 Buser and colleagues reported that up to 35 % of infants born 

before 28 weeks gestation were observed to have punctate white matter lesions (hyper-intense 

lesions on MRI), but these made up only 1-5 % of the lesion burden,273 while diffuse WMI is 

commonly seen in preterm infants and makes up the bulk of the injury.28 Human autopsy 

studies that quantified defuse white matter lesions have shown that these are generally more 

extensive than the imaging implies.273 These lesions are often too small to be seen with 

conventional ultrasound but may be seen with MRI,274 and present with chronic gliosis, with 

activated microglia and astrocytes, which extend well beyond the necrotic foci.273 

A large part of the immature white matter consists of oligodendrocyte precursors (preOLs). 

The main pathological lesion in PVL is caused by focal or diffuse necrosis of these preOLs 

and subsequent hypo-myelination.50, 275 preOLs are progressively lost during and after the 

insult, but repopulate and rapidly regenerate, and it is speculated that failure of these cells to 

develop into mature oligodendrocytes (OLs) causes the deficit in myelination.273, 276 The 

relative contribution of preOLs to PVL can be quantified by the comparison of adjacent brain 

regions that are at different stages of maturation. Riddle et al., found that the severity of white 

matter injury in different locations is correlated to the relative presence of preOLs, such that 

injury will differ according to gestational age and relative maturity of developing brain 

regions.277 Furthermore, the location and size of the lesion and subsequent scarring may have a 

negative impact on connectivity and developmental restoration.274  

Arrested neural maturation may underpin impaired brain development in infants who have no 

apparent neural injury.26-28, 278 The brain is very plastic during development,27 and capable of 

producing new cells even after injury when cells are lost.85, 276, 279-281 However, these cells may 

stall in maturation, likely at the O4/O1 transition stage, and thus fail to differentiate into 

myelin producing cells.26, 27, 273, 282 Loss of trophic and chemokine cues for survival, 

differentiation, migration and inflammation may be key mediators of this arrest process.26, 28, 

49, 283, 284 This subtle loss of cells, and disordered architecture, results in impaired motor 

control, neuro-cognition and resultant behavioural difficulties.236, 285, 286 The more mature brain 

can also be affected with diffuse white matter injury as observed in many term infants at birth 

and during further development.287, 288 Changes begun in utero are compounded after birth as 

the brain undergoes further altered maturation, arborisation and pruning.50 
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Grey matter injury 

Grey matter injury is also observed in preterm infants with significant reductions in cortical 

and subcortical grey matter,262, 289 but little frank, acute cortical injury.39 Post-mortem analysis 

shows that necrotic WMI comes paired with neuronal loss in the cortex, cerebellum, thalamus 

and basal ganglia.256, 289, 290 Furthermore, neurons required to establish connections between 

the thalamus and cortex were also found to be reduced in these cohorts.262 In preterm infants, 

widespread acute neuronal loss seems to occur only in severe cases in association with 

necrotic WMI and retrograde axonal degeneration from necrotic lesions and this may be a key 

mediator of neuronal death.256, 262, 289, 290  

In infants born preterm grey matter development is altered leading to reduced growth, small 

brain volumes, and altered connectivity.291-297 A study of 41 infants found that there was 

significant neural loss and gliosis in the cerebral cortex in 10–30 %, in the thalamus in 40–55 

% and in the basal ganglia in 30–50 % of premature infants.289  

Recent data suggests that microstructural development of cortical grey matter occurs 

synchronously with adjacent white matter.298 Thus, injury to, or impaired development of, 

white matter has consequences for grey matter maturation.299 Dysmaturation and altered 

connectivity of the grey matter occurs, even without overt neuronal loss. Oligodendrocytes 

and their myelin have a trophic effect on axonal development and survival, strengthening 

connections and supporting connectivity.300-302 During this stage of development there is a 

bounty of axonal and dendritic growth, which suggests a need for trophic support, and indeed 

impaired axonal development and degeneration is consistent with diffuse cerebral white matter 

damage in preterm infants,303 as a consequence cortical, thalamic and basal ganglia volumes 

are lower at term equivalent.  

The cyto-architecture of the initially undamaged grey matter is altered as a result of post-

injury transformations of still developing neurons, fibre systems, synaptic profiles, glia 

elements, and blood vessels, compatible with acquired cortical dysplasia.293, 304, 305 Thus, even 

relatively mild WMI has a negative impact on axonal development and grey matter 

architecture. Subsequently resulting in diminished connectivity as well as reduced cortical, 

thalamic and basal ganglia volumes.306-308  
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Term injury 

In near-term infants HI injury reflects the nature of the insult, but is often characterised as 

damage to subcortical regions such as basal ganglia and thalamus, to the sensorimotor cortex, 

and in some cases brainstem.29, 30, 309, 310 Injury to the brainstem and hippocampus is less 

common.309 However, where brainstem injury is seen it is strongly associated with late onset 

of seizures and epilepsy.288 Children with injury to the basal ganglia and thalamus have a high 

risk for the development of CP. 

A second pattern of injury is seen in so called “watershed” zones; areas of low perfusion 

pressure within the border zone between major cerebral arteries.31, 311 These areas, highly 

susceptible to HI injury as they are supplied by the terminal arterioles, are the parasagittal 

cortex and underlying parasagittal white matter and the dorsal lateral part of the basal ganglia, 

with basal ganglia damage seen mainly in extreme insults.261, 309, 310, 312 In addition to the 

association with HI insults, this type of injury can also be seen with infection, hypoglycaemia 

and hypotension,309, 313 and if persistent results in poor brain growth,35 and is associated with 

learning and behavioural difficulties.29, 309 

Although white matter injury is commonly thought of as a preterm affliction, increasing 

evidence from MRI studies demonstrates that it also contributes to term brain injury, 

particularly when the insult is severe.30, 272, 287, 314 WMI is observed not only after HI insults, 

but with cardiac abnormalities,315 and after cardiac surgery where perfusion may be 

compromised,316 although we have recently shown that reduced oxygen extraction during 

cardiac bypass surgery does not increase the risk of WMI.317 As with neuronal injury there are 

two patterns of WMI in terms. In severe injury there is often sparing of the areas of the brain 

where WMI is common in preterms, such as the periventricular white matter.318 Instead injury 

occurs close to grey matter injury zones, such as sub-cortical white matter regions.318 In 

contrast, around a quarter of infants with encephalopathy may have punctate lesions in 

periventricular areas.287 This white matter injury is associated with CP and other motor co-

ordination conditions.319 

While interventricular and periventricular haemorrhage are less common in terms, they are at 

higher risk of haemorrhagic strokes with rates around 6.2/100,000 live births.320 Factors 

mediating this type of injury, at least in part, relate to factors leading to encephalopathy, such 

as fetal distress and compromised labour, which are independent predictors, as is the male sex, 
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Figure 1.2 Schematic representation of the evolution of injury after an insult. Latent phase 

(LP). Figure prepared by Lotte van den Heuij. 

 

post-maturity, maternal fever and a family history of seizures. 320, 321 More than half the infants 

experience seizures.320 

Evolution of asphyxial injury  

Experiments in term fetal and neonatal animals have shown that brain injury after an HI insult 

evolves over time, with most cell loss occurring well after the end of the insult itself, during 

recovery (Table 1).80, 151 Studies in preterm fetal sheep show that injury evolves over a similar 

time to that seen in term animals.165, 322 Brain injury also evolves after exposure to 

inflammatory mediators, but the phases of injury are less well understood.49 The evolving 

nature of this injury presents us with opportunities to intervene, to either prevent or reduce 

injury or initiate repair, as discussed in my overview. In this section I will discuss the 

evolution of HI injury, and highlight key responses that occur during and after asphyxia in 

utero. This gives a framework for how I investigated the neuroprotection versus neuro-repair 

potential for hAECs, and how inflammation may modify the adaptive responses during 

asphyxia. A brief overview of injury development is given in Figure 1.2.  
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Primary phase, the insult 

The asphyxial insult itself is defined as the primary phase. There is progressive loss of high 

energy metabolites, which leads to loss of ionic control of cells. Cells depolarise resulting in 

an influx of water, sodium and calcium (which is also mobilised internally from mitochondrial 

stores), and efflux of potassium leading to cell swelling (edema) and eventual lysis.323, 324 

There is extracellular accumulation of glutamate due to failure of re-uptake.325, 326 The 

generation of oxygen free radicals such as eNOS and OH- contribute to lipid peroxidation of 

DNA, RNA fragmentation, and further damage.327-329 Overproduction of oxygen free radicals 

may contribute to the overall energy failure process.97, 330 

In an attempt to prevent or minimise injury, the fetus responds to asphyxia by initiating a 

number of neural, cardiovascular and behavioural responses (for reviews see Bennet, 2006 and 

Giussani, 2016).175, 331 Importantly, these responses are very consistent across ages, although 

the preterm fetus can survive for longer and without injury.166, 175, 332 The ability to survive (to 

keep the heart going) is linked in part to the greater cardiac glycogen store in the preterm fetal 

heart.332, 333 Indeed the highest levels of cardiac glycogen in many species are seen in preterm 

life.334  

Surviving and surviving without injury are not the same thing, however,335 and this anoxic 

tolerance to asphyxia helps explain why, for many infants, the origins of cerebral palsy occur 

in utero, well before birth.67 At the onset of asphyxia, the fetus stops making body and 

breathing movements, although there may be some body movements during the first few 

minutes, which is perhaps an attempt by the fetus to extricate itself or the cord from 

entanglement.113, 174, 175 Cessation of movements helps reduce the demand on limited energy 

resources. Both the brain and the heart also reduce energy demands. There is a rapid 

parasympathetic chemo-reflex mediated bradycardia,175, 331 and the fetal EEG is rapidly 

suppressed to reduce metabolic demand. This is in part mediated by adenosine in term 

fetuses,336 and EEG remains suppressed throughout the insult.175 Despite the serious nature of 

the insult and a significant rise in blood pressure, cerebral perfusion may only transiently 

increase or is maintained around baseline through actively mediated vasoconstriction.175 It has 

been shown in term fetuses that cerebral blood flow (CBF) will be redistributed towards the 

brainstem.337  

The rise in pressure is due to significant peripheral vasoconstriction, which is maintained for 

around 5 minutes, before partial restoration of blood flow occurs over another 5-7 minutes.175 

Recent analysis suggests that the partial reperfusion phase is an actively mediated one via 
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changes in neural control,175, 338 and may occur to allow peripheral organs to receive some 

perfusion, as part of protection of these organs.175 Blood pressure falls at this time, as 

peripheral vasoconstriction is lost, and there is a sustained bradycardia due to cardiac anoxia. 

After this phase, cerebral blood flow and pressure fall, and this is the phase where marked 

injury begins.175  

Early recovery – the “latent phase” 

Upon cessation of asphyxia, the brain is reperfused and there is restoration of oxygenation and 

the temporarily recovers oxidative metabolism in a so called latent phase, which lasts between 

6-15 hours depending on the insult.81, 323, 339-343 Using NIRS, we have shown that the timing is 

similar in preterm sheep fetuses, although the peak of this phase may be as early as 3-4 

hours.80, 344 The latent phase is characterised by sustained EEG suppression,92, 103, 114, 171, 173, 174, 

322, 323, 340, 341, 345-347 although in preterm fetuses epileptiform transients (low amplitude, high 

frequency events) are seen in animals that go on to have worse outcome.80, 174, 344, 348, 349 

EEG suppression is accompanied by reduced brain and peripheral organ blood flow, which is 

not related to hypotension, as blood pressure is usually normal or increased during this 

phase.168, 174, 176, 229, 322, 345, 350-352 This is also observed in newborn,353 and adult animals after 

significant hypoxic challenges.354-357 How quickly the brain becomes hypoperfused and for 

how long, dictates the severity of injury.358, 359 Hypoperfusion, of the brain at least, may occur 

secondarily to reduced metabolism,351, 357 and uncoupling blood flow from metabolism in this 

phase may lead to increased injury.114, 171, 229 

Others suggest that reduced perfusion after ischaemia may reflect endothelial dysfunction,355, 

360-362 or at least altered vasoconstrictor and vasodilator control.355, 361 In our laboratory, 

however, we have been unable to reverse hypoperfusion in preterm fetal sheep after asphyxia 

through endothelial factors, and our data strongly suggest a role for neural mediators. 363 

Further, Quaedackers et al., showed that preventing the latent phase fall in superior mesenteric 

artery blood flow, using an alpha-adrenergic antagonist, led to hypotension.350 This study 

suggested that peripheral vasoconstriction may be supporting blood pressure, potentially to 

allow the heart to recover from transient injury.  

EEG suppression, and potentially reduced CBF, is mediated by up regulation of neuro-

inhibitors by the sympathetic nervous system,114, 350 and neurosteroids.364-366 There is an 

apparent role for glutamate through N-methyl-D-aspartate (NMDA) receptor activity, 176 and 

in adults there is evidence for the role of adenosine,356 and endothelin.367 Endothelial factors 
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do not appear to play a regulatory role in mediating reduced CBF during this phase, and CBF 

is likely reduced in response to reduced cerebral metabolism (coupled blood flow and 

metabolism).363 This endogenous neuro-inhibition, during the latent phase may be a useful 

neuroprotection strategy.111, 114, 171, 173, 347, 368 Notably, however, prolonged suppression is 

considered an adverse prognostic feature in newborns after an HI insult at birth.369, 370 

Studies by Gunn and colleagues demonstrated that cerebral hypothermia should be started 

during the latent phase to provide maximal neuroprotection, and efficacy is lost if delayed 

until after the end of this phase.323, 340, 341 This suggests that once the process of bulk death 

starts in the secondary phase, that it cannot be turned off, not by hypothermia at least. Given 

that hypothermia has many mechanisms of action it is likely to be similar for many treatments 

that target portions of the pathways interfered with which TH interferes. However, we do not 

know as yet the precise timing for this seemingly irreversible cell death phase and treatments 

that target key mediators of mitochondrial dysfunction may be beneficial outside the latent 

phase.  

The secondary phase   

Secondary injury and deterioration occurs between 8-72 hours after the initial insult.142, 323, 339-

343, 371, 372  This phase is so called because the brain experiences a secondary phase of loss of 

oxidative metabolism. Energy failure is closely associated with brain injury, suggesting that 

many cells die during this phase, and indeed this is where the bulk of cell loss occurs.142, 371, 373  

The mechanisms mediating the secondary phase remain to be determined but involve 

mitochondrial dysfunction.374 Mitochondrial function is impaired during the initial insult, then 

seemingly recovers after reperfusion, during the latent phase, and deteriorates over the 

following 48 hours.142, 339, 375-378 Clinically, MR spectroscopy has shown that infants with HIE 

experience a rise in brain lactate, and a progressive decline in the ratio of inorganic phosphate 

(Pi) to phosphocreatine (PCr) ([PCr]/[Pi]).339, 375-378 The magnitude of the change correlates 

with the degree of brain injury and death.375-378 

Why mitochondria fail during the secondary phase, despite good oxygenation, remains 

unclear.374, 379, 380 The process likely relates to a sequence of pathogenic events. Calcium, 

which had accumulated inside cells during the primary phase, fails to be sequestered quickly 

and may be added to by a further influx of calcium via the N-methyl-D-aspartate (NMDA) 

receptor and the calcium permeable α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
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(AMPA) receptor channels. These, in turn, are activated by excessive accumulation of 

glutamate after the insult, due to failure of re-uptake of glutamate.379, 381-383  

The immature brain is postulated to be more susceptible to injury by exposure to glutamate,384 

modulated by the higher expression of calcium permeable GluR2-subunit-deficient AMPA 

receptors,385-387 and a greater expression of NMDA subunits, which have a higher permeability 

to calcium, such as NR2-B, as well as having a reduced sensitivity to magnesium, which 

blocks NMDA activation, such as NR2D and NR3A.388, 389 In fetal sheep, Dean et al., 

observed that there was a lower expression of GluR2 receptor subunits compared to other 

units, suggesting a greater likelihood of formation of AMPA receptors which are calcium 

permeable, and higher levels of N1 in both glia and neurons at younger ages.390 Glutamate 

activation also mediates seizure activity, which is a key feature of the secondary phase, as 

discussed below. 

Calcium is essential for normal cell health, but cytotoxic when its levels are dysregulated.391 

Excessive levels can deregulate cell homeostasis and promote release of injurious oxidative 

factors such as nitric oxide.374 Mitochondria are a key source of these reactive oxygen species 

(ROS),392 and these may be released during reperfusion.392 Collectively, acting to impair 

mitochondrial respiration, and promote phospholipases and proteases, which degrade the cell 

walls. Cells that are already compromised may not be able to withstand this increased burden, 

and ultimately, this leads to cell death through apoptosis.  

Calcium overload can also cause structural damage to mitochondria, which may already be 

damaged; this, in turn, may lead to the opening of a channel in the inner membrane called the 

mitochondrial permeability transition (MPT) pores.374, 379, 392-394 MPT pores usually open 

reversibly as part of normal cell physiology,395 however, excessive calcium can lead to 

sustained opening of the MPT pore and this impairs, or prevents, mitochondrial ATP 

production through uncoupling of oxidative phosphorylation.395 The MPT pore opening allows 

small molecules to exit, but not larger ones such as proteins leading to a protein mediated 

increase in pressure (oncotic pressure) and cell edema.396 Ultimately all of these processes 

lead, again, to initiation of programmed cell death through up-regulation of pro-apoptotic 

factors,374, 379, 397 and a reduction in cell signalling factors, such as Nerve Growth Factor 

(NGF).398  

A recent study has demonstrated that using inhibitors of type B monoamine oxidase (MAO-B) 

can prevent MPT pores from opening by inhibiting calcium efflux, potentially mediated 

through ROS modification.393 In adult rats, it has also been shown that ROS can initiate this 
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process in myocytes.399 Niatsetskya and colleagues showed in neonatal mice that brain injury 

could be reduced by inhibiting mitochondrial respiratory chain function, and thus the 

generation of ROS during recovery from an HI insult.400 Such experiments support a role for 

calcium and oxidative stress in the sustained opening of MPT pores. However, interestingly, 

treatment of rat pups with the calcium antagonist flunarizine showed that it was only neuro-

protective if given before an HI insult.401, 402  

Further, inflammation is also implicated in MPT pore dysfunction. Injection of D-JNKi, a 

small peptide c-Jun N-terminal kinase (JNK) MAP kinase inhibitor, in 7 day old rat pups after 

an HI insult, resulted in reduced neuro-inflammation and mitochondrial stability.403 In adult 

male rats, transgenic for tumour necrosis factor alpha (TNFα), over-expression resulted in 

greater mitochondrial dysfunction after middle cerebral artery occlusion.404 Curiously, 

however, preconditioning of neurons with LPS can reduce injury after administration of a 

mitochondrial toxin, 3-nitropropionic acid, and protection is mediated at least in part by 

increased TNFα.405  

Secondary phase: Seizures 

A key feature of the secondary phase, in both term and preterm babies, a feature also observed 

in near-term and preterm fetus after HI insults, are high amplitude seizures.86, 157, 178, 336, 345, 406-

408 Clinically seizures are most commonly associated with perinatal HI.409 There is debate over 

whether seizures are the cause of injury or caused by injury.410, 411 Meta-analysis of the clinical 

data suggests that the use of anticonvulsants is not associated with improved outcomes.412 In 

part, this is related to the fact that EEG monitoring is not routine, and the number of seizures is 

generally under-reported, in large part due to limited early and continuous EEG monitoring.413 

In term fetal sheep only very prolonged seizures were associated with a fall in CBF, 

significant de-oxygenation and an uncoupling of blood flow and metabolism.414 These data 

suggest that it is the duration of the seizure, which is important for secondary injury 

development, not the amplitude.  

However, many studies show that seizures are associated with adverse neurological outcomes 

in term and preterm neonates,415-417 particularly when associated with HIE,418 and are 

associated with a greater risk of developing epilepsy.419, 420 Seizures were further associated 

with lower cortical apparent diffusion coefficient (ADC) scores and changes in H-MRS 

metabolite ratios, as well as increased neurological injury in a term piglet model of HI.421 But 

again whether this is causative or simply a correlation is not fully elucidated.  
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Seizures manifest more commonly in preterm infants, occurring at a rate of 57.5-132/1000 

versus 0.6-3/1000 in term babies,422 and are associated with WMI, and IVH.416, 423-425 

Clinically, many infants do not respond to seizure treatment, or seizures reoccur during 

treatment, and  it is recognised that many seizure medications are not effective but are 

neurotoxic and thus may themselves cause neural injury.426 Whether it is the safest course of 

action to treat these, possibly benign, seizures is debatable.  

Secondary phase: Cardiovascular and cerebrovascular responses 

In term HIE infants and term fetal sheep, cerebral hyperaemia (edema and increased CBF) is 

observed.155, 345, 427-429 Clinically, increased cerebral perfusion, and pressure passive blood 

flow (loss of auto-regulation where blood flow tracks blood pressure) in term newborns is 

associated with adverse outcomes and a greater risk of injury and death.429, 430 MRI, using spin 

labelling to evaluate perfusion, further demonstrates that after initial hypoperfusion, the brain 

becomes hyper-perfused in the secondary phase.431 Cerebral oxygenation is increased during 

the secondary phase, reflecting increased delivery and reduced utilisation.427, 432 

Experimentally, however, inhibiting the delayed vasodilatation in a carotid artery model of 

ischaemia, with a nitric oxide donor, increased rather than decreased injury.433 This suggests 

that it is not the hyperperfusion, but perhaps increased oxygenation leading to oxidative stress 

which contributes to mitochondrial failure, as discussed above.427 

Myocardial injury is a common outcome after HIE in term newborn infants, with more than 

half of infants who die after HIE showing evidence of cardiac injury.434 Cardiac troponin, a 

biomarker of cardiac injury, correlates well with HIE outcomes,435 and injury may persist for 

many weeks.436 Cardiac injury compromises blood pressure control, with hypotension 

frequently seen.437 Myocardial injury is also seen in term fetal sheep after repeated umbilical 

cord occlusions,438 and single umbilical cord occlusion, causing post-recovery hypotension. 

163, 439 In the experiments of single umbilical cord occlusions, fetuses became severely 

acidotic, secondary to profound peripheral vasoconstriction, which potentially acted to try and 

support blood pressure in the face of myocardial injury.163, 439 Dopamine infusion (a drug 

frequently used to support blood pressure in sick newborns) delayed the fall in blood pressure 

but did not prevent it.163 Recently, a study in infants that received therapeutic hypothermia for 

brain injury found that hypothermia may also be beneficial for cardiac recovery, as it reduced 

the plasma levels of troponin, a contra indicator for cardiac outcome after resuscitation at 

birth.440 
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In preterm newborns, there is frequently instability in blood pressure and blood flow.266, 363, 441 

Cardiovascular instability is associated with increased risk of injury and death.266, 442 Many of 

the cardiovascular challenges the preterm new-born faces relate to the cardio-respiratory 

transition (establishing good ventilation and closure of cardiac ducts, such as the ductus 

arteriosus).442 Transition may also be complicated by exposure to chorioamnionitis,186 with 

greater difficulties in ventilation and the risk of loss of cerebral auto-regulation.186  

In preterm fetal sheep, the evolution of cardiovascular and cerebrovascular changes, without 

the confounding effects of neonatal life, are well documented.86, 87, 114, 168, 174, 176, 229, 322, 350, 363, 

443 In fetal sheep, at 0.6 and 0.7 gestation, there is no major secondary hyperperfusion, but 

rather perfusion stays low or slowly returns to baseline. Further, there is an increase in cerebral 

perfusion and no secondary edema after umbilical cord occlusion.177, 322 These data are 

consistent with the lack of acute cortical injury in this model, and as the injury seen 

clinically.85, 86, 92, 103, 114, 169, 171, 173, 174, 176, 177  

Peripheral blood flow (femoral, gut, renal) markedly falls at the beginning of the latent phase, 

as described above, and stays low or progressively returns towards control levels during the 

secondary phase.168, 177, 322, 350, 363, 444 Ongoing hypoperfusion is strongly mediated by 

sympathetic activity,350 rather than being secondary to endothelial changes.363 In part, reduced 

blood flow serves to support blood pressure,350 in the face of transient myocardial injury or 

impaired myocardial function.322 In contrast to term fetuses,438 there is no measureable 

myocardial injury three days after asphyxia, as assessed by electron microscopy.322 Overall, 

blood pressure transitioned from transient hypertension in the latent phase, back to or just 

below control group values (normotensive). However, pressure can transiently rise during 

seizure activity and this is mediated by peripheral vasoconstriction, with blood flow often 

lower for longer than the actual duration of the seizure.350 

Tertiary phase 

After resolution of the secondary phase, the brain enters a tertiary phase, with restoration of 

oxidative metabolism. Brain cells continue to die as part of the re-organisation of cerebral 

architecture to take into account the cells that are lost, maturational arrest of oligodendrocytes, 

and proliferation of new cells.26-28, 49, 264, 445 The gestational age at the time of the insult will, in 

large part, determine the nature of the changes to cerebral architecture, as will any ongoing, 

secondary compromise (further insults, adaptations to new-born life, drug intervention, illness 

etc.).71  
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This altered milieu might persist for months, or even years following the initial insult, and 

causes persistent changes to brain development including; myelin deficit, due to a reduction in 

mature oligodendrocytes, reduced cell number, connectivity and plasticity, resulting in a 

decrease in brain volume as well as chronic malformation of both the white and grey matter.28, 

41, 50, 120, 446 White matter injury, resulting in neural alteration, may be due to ongoing (sub-

clinical) inflammation, epigenetic changes, input deprivation and output isolation,299 and/or 

‘tension based morphogenesis’ where impaired cortical white matter fibre development alters 

cerebral cortical development.283, 447, 448 Although this environment may sensitise the brain to a 

so called secondary hit,445, 449 and further damage, this phase might also offer us new 

opportunities for treatment, giving the patient a better outcome and quality of life, reducing the 

predisposition for further injury and promoting repair and regeneration.  

Chronic inflammation is now postulated to be a key mediator of how the brain matures after 

injury.49 Activated microglia remain at a higher level of activation, long after the initial insult, 

and the immune system responses are altered. This could have a negative impact on disease 

progression later in life.450 Reactive astrocytes, though initially required for blood brain barrier 

(BBB) integrity and are involved in regeneration and repair also form undesirable glial 

scarring. Astrogliosis is known to persist after injury,451 and activated astrocytes produce 

hyaluronan, chondroitin sulphate, prostaglandins and immunoglobulin cell adhesion molecules 

amongst other factors.276, 452 Hyaluronan is known to inhibit axonal growth and myelination, 

chondroitin sulphate prostaglandins modify extra cellular matrix components, and 

immunoglobulin cell adhesion molecules have a complex role in cell proliferation, migration, 

and survival.453-455 

To summarise, the loss of cells after an HI insult such as asphyxia happens in stages, with 

relatively few cells lost during the initial insult, the bulk of cell loss occurring in the secondary 

phase of deterioration and with ongoing cell pruning and shifts in normal maturation and low-

grade chronic inflammation in the tertiary phase. My thesis examines the potential for early 

(latent phase) treatment with hAECs to be neuroprotective (preventing or reducing the 

secondary phase bulk cell loss) and the potential for delayed treatment with hAECs to provide 

neuro-repair (promoting appropriate development of newly proliferating cells and supporting 

neural network development). I discuss this in further detail in the next section. 
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Maturation dependent OL vulnerability and chronic dysmaturation 

In modern patient cohorts of preterm babies, diffuse white matter rather than cystic white 

matter lesions are more commonly seen. Susceptibility to white matter injury is very much 

dependent on age.456 The mechanisms mediating this loss are multiple and remain relatively 

poorly understood. They include microglial activation, inflammation, oxidative stress, and 

excitotoxicity.51, 457, 458 Recent studies suggest that initial injury may occur to late pre-

oligodendrocytes, 252 followed by selective loss or impaired maturation of preOLs.28, 273, 276, 303 

Indeed, it is currently suggested that there is no significant loss of preOLs as they proliferate 

back to pre-injury numbers rapidly, but rather, they fail in their maturation.28, 273, 276, 303 For 

example, in many cases there is myelin abnormality, without total oligodendrocyte loss. 459 

New cells are produced, but their survival and maturation are not guaranteed.85, 276, 279-281  

Collectively, it appears that oligodendrocytes fail to differentiate into myelin producing cells 

in sufficient numbers.26, 27, 273, 282, 459, 460 Loss of trophic and chemokine cues for survival, 

differentiation and migration, chronic inflammation, activated microglia and astrocytosis, and 

expression of toxic mediators (oxidative stress and glutamate) are postulated as key mediators 

of this maturational arrest process.26-28, 52, 283, 461, 462 

Grey matter dysmaturation 

The initial white matter injury results in a number of ways in grey matter disruption and 

dysmaturation. Even children that are born preterm, without any evident injury and have 

normal neurocognitive function have altered patterns of activation and connectivity.291, 463 This 

is far more pronounced in individuals that have suffered a preterm insult and injury.57, 296, 464 

There are two mechanisms involved in the impaired neuronal growth and connection. These 

are related to primary degeneration and the disruption of normal maturation.57, 464  

In some rodent models the loss of sub plate neurons is known to occur in association with 

PVL.262 In infants with severe necrotic WMI, populations of deep grey matter neurons, 

cortical and cerebellar neurons are also lost.289 When the injury is more diffuse, without overt 

necrosis the immature neurons are relatively spared, here neuronal loss appears to be 

associated with retrograde axonal degeneration.289, 303, 465  

Cortical growth disturbances are associated with a reduction in synaptic density of cortical 

neurons, the dendritic arborisation. Disturbances in neuronal maturation and population 

growth resulting in a less complex dendritic arbour, with lower overall dendritic length and a 
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reduction in branching and synaptic integration presents as a reduction of grey mater without 

overt neuronal loss; this may underlie the cognitive and learning disabilities in survivors of 

preterm birth.59, 293 

Inflammation 

Inflammation in the brain can occur in a number of different ways, for example, it can be 

triggered by HI, systemic infection or stroke. If the inflammatory response is initiated during 

development this can have dire consequences for further maturation.111, 466 In the section 

below I will discuss the initial triggers for an immune response, and how further development 

is affected.  

Inflammation is a significant contributor to evolving injury.49 The brain undergoes a 

proinflammatory state during the initial phase of recovery to address the clearance of damaged 

tissue. Cell death due to HI or over infection releases damage and pathogen associated 

molecules (DAMP and PAMP), which in turn triggers innate immune pattern recognition 

receptors (PPRs), such as TLRs, with TLR 2 and 4 being the most widely studied. Particularly 

TLR4 as it is upregulated by LPS.467 These then go on to cause activation of immune effector 

cells such as neutrophils, microglia, macrophages, and astrocytes, which secrete pro-

inflammatory molecules such as interleukins (IL-1β, and IL-6) and tumour necrosis factor 

alpha (TNFα), interferon gamma (IFNγ) as well as matrix metalloproteinases 3 and 9 (MMP3, 

MMP-9).49, 467, 468 All these effector molecules initiate cascades that if not appropriately 

managed, as discussed above, may do more harm than good,457 and this chronic inflammatory 

state may precondition the brain to be more susceptible to further injury.49, 467, 469 

When asphyxia and inflammation are present at the same time often the outcome is worse. In a 

study in P9 mice, when LPS preceded HI by 14 hours there is an increase in inflammation and 

WMI.135 In a study in 128 d ga lambs, more severe injury was observed in labs that received 

an intra-amniotic administration of LPS, two or four days prior to delivery followed by 

ventilation when compared to ventilated controls that did not receive LPS.216 When newborn 

mice received IL-1β injections, causing a low-level systemic inflammation, they developed 

impaired myelination accompanied by cognitive deficits at 21 days.283 Wang et al., showed 

that LPS administration in P3 mice resulted in reduced white and grey matter at P12, 

indicating a role for the MyD88 pathway and insulin-like growth factor-1 (IGF-1) deficiency, 

due to inflammation, in injury manifestation.470, 471 
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Ongoing inflammation interferes with normal development and causes harm in and of itself, 

irrespective of prior injury.472, 473 Di Filippo et al., showed that the M1 classical activation of 

microglia negatively influences the function of CNS synapses and synaptic glutamate receptor 

subunit composition.474 Dean et al., showed in a preterm sheep model, that HI impairs normal 

cortical growth, dendritic arborisation, and synapse formation, four weeks after the insult,293 

though the mechanisms are not fully elucidated. Wintedal et al., followed mice for 7 months 

after HI at P10 and established ongoing inflammation both systemically as well as in the 

CNS.475  

Inflammation plays a role in all phases of injury and repair. The modulation of inflammation 

at both the early and late stages of injury evolution seems to be beneficial. Anti-inflammatory 

treatments such as melatonin, erythropoietin (EPO), minocycline, N-Acetyl Cysteine (NAC), 

and TNFα inhibitors have been shown to reduce injury.476-479 EPO given to preterm fetal sheep 

30 min after severe asphyxia, reduced inflammation and decreased injury.476 Minocycline 

administered to P5 rats just prior to LPS administration,479 or an HI insult,477 reduced 

microglial infiltration and resulted in a reduction in inflammation and oxidative stress. A 

recent paper using umbilical cord blood stem cells showed that when cells were given early, 

(12 hours) they conferred neuroprotection in the preterm fetal sheep after an HI insult, 

potentially by reducing inflammation and oxidative stress.478 In the literature there is much 

evidence that increased proinflammatory cytokine levels correlate with adverse 

neurodevelopmental outcomes.71, 135, 189, 480, 481 

Clinically, a study of children at 6-7 years of age with CP, showed that years after their insult 

inflammatory markers in their blood were still elevated when compared to controls, and had a 

greater inflammatory response to an LPS challenge.450 In infants born at less than 32 weeks 

there is a strong association between WMI, as assessed by MRI, and elevated levels of 

proinflammatory cytokines in the CSF.482 This was persistent over several months. 

Furthermore, a recent study by Kuban and colleagues shows a correlation between elevated 

inflammatory proteins in the first month of life in extremely preterm infants and 

developmental delay at two years of age. This was further associated with an increased risk of 

cognitive deficits at 10 years of age.483 

Overall, this indicates that there is scope for mediation of chronic injury and improvement of 

development well beyond the insult, latent and secondary phases. In the next sections, I 

discuss key mediators of inflammation in greater detail. 
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Microglia 

Microglia are resident neural mononucleated phagocytes, and the brains primary immune 

cell.484, 485 These cells are derived from primitive erythromyeloid cells and are tissue specific, 

forming a stable self-contained population in the normal brain.486, 487 They play an important 

role in neural housekeeping and acting to ensure the development of the neural architecture, by 

pruning synapses, initiating apoptosis and phagocytising dead cells.484 During normal 

development, microglia are required for maintaining normal brain homeostasis. However, after 

injury, and microglial activation, their roles change for pro inflammatory to resolution 

phenotypes. Whether this happens appropriately has bearing on the extent of injury after 

insult, playing as they play a role in both tissue repair, as well as a subsequent dysmaturation. 

Below, I will discuss the role of microglia in normal brain development and after injury. 

Microglia are present in the brain parenchyma as early as three weeks of gestation in the 

human brain.488 Spinal cord colonisation begins around week 9 of gestation,489 but wide spread 

distribution does not begin till week 16, and it is not until 22 weeks gestation that ramified 

microglia are common in the intermediate zone.490  

Under physiological conditions, microglia have a phagocytic role in the removal of apoptotic 

cells and thus, play a crucial role in clearing cells during normal developmental programmed 

cell death.491, 492 This is a process to which microglia actively contribute by triggering 

apoptosis during both during embryonic development, as well as in further life.493, 494 

Unchallenged microglia have a ramified morphology, and they can remain ramified while 

engulfing cells during pruning.495, 496 Under homeostatic conditions microglia are continuously 

inhibited by environmental cytokines, chemokines, and other immunomodulatory 

molecules.497, 498 Ramified microglia survey their surroundings for numerous PAMPs and 

DAMPs using TLRs and other PPRs.499, 500 

Microglia are the first line of defence in the CNS, constantly screening the brain for injury or 

illness, when they encounter signs of injury microglia move to the site of injury, transform into 

their activated amoeboid form,501 and initiate an inflammatory response.49, 445, 499, 500 

Activation is part of the phagocytic role of microglia, necessary to clean up debris from 

pathological processes.502 This cytotoxic (or M1) phenotype ensures damage control, but are 

proposed to become toxic in their own right if not kept in check (microglial toxicity).485 

Microglia are necessary to aid in injury disposal and isolation but may increase injury via 

several mechanisms if not properly regulated, (as reviewed by Baburamani, 2014 and Nathan, 

2010) 485, 503 including promoting release of cytotoxic cytokines, glutamate, oxygen free 
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radicals, excessive ATP release and suppressing protective growth factors.504-506 When M1 

microglial activation is suppressed after the initial insult there is a reduction in HI injury.282, 

507-510 The role of microglia at specific times during the injury and resolution process is still 

debated, as the evidence is correlative and cause and effect is not clear.498, 504   

Microglia can be activated in the classical M1cytotoxic manner, but can also adopt a so called 

M2a (repair) and M2b (deactivation) phenotypes and can change the relative balance of 

phenotypic expression in a very plastic manner.498, 502, 511 Microglial activation and activation 

type and the effect this has on the brain is environment dependent.511 Microglia are implicated 

in mediating both recovery and injury depending on the stage of injury and context within the 

inflammatory response.512-515  

Astrocytes  

Astrocytes are responsible for maintaining homeostasis in the brain; consequently, they are the 

most abundant and diverse neuroglial cell type.516, 517 They form a part of the BBB and are 

integral in blood flow regulation.518, 519 Astrocytes regulate ion, water, and extracellular 

neurotransmitter and hormone concentrations.520, 521 Astrocytes provide neurons with lactate 

and accumulate energy substrates.522 Further, they are critical for neural neogeneses, 

migration, synaptogenesis, and pruning.523-526 

By virtue of this homeostatic function, astrocytes are a key part of the brains first line defence 

system, using their arsenal of transmitters, hormones, and transporters to maintain homeostasis 

in the face of an insult.527, 528 Failure of astrocytic function is a significant contributor to 

injury.520, 529 However when insults are severe, astrocytic aquaporins contribute to edema.530 

Similarly, though normally responsible for ion buffering, in pathology astrocytes can 

exacerbate the extracellular accumulation of ions and resultant glutamate excitotoxicity by Na+ 

dependent reversal of glutamate transporters.531 Astrocytic networks connected through 

connexins disperse death signals by allowing paracrine molecules such as ATP, NAD+, or 

glutamate to be propagated from the site of injury.532-534  

In response to injury, astrocytes undergo changes in molecular expression, cell hypertrophy, 

and proliferation and enter a reactive state.535 Acutely, astrocytes reduce the spread and 

persistence of inflammation, maintain BBB integrity, and reduce free ROS and cytotoxins.520, 

527, 528 Reactive astrogliosis progressively changes with injury evolution,529 ranging from 

reversible changes in morphology and expression pattern to long lasting scarification with 

altered tissue structure.451, 452, 536, 537 When astrocyte function is not down-regulated the altered 
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molecular expression leads to further astrocyte activation and release of inflammatory factors 

and proliferating reactive scar formation. This can inhibit normal regeneration and 

differentiation, reducing myelination, axonal growth and synapse formation leading to further 

neural dysfunction.273, 538 New research, however, shows that regeneration without functional 

astrocytes is difficult.529, 539 Miyamoto et al., showed that astrocytic derived brain derived 

neurotrophic factor (BDNF) improved recovery of myelination after ischaemia and when this 

mechanism was blocked recovery was poorer with less OL maturation and myelination.539 

Astrocytes are required for normal physiology and are the first line of defence when injury 

occurs playing an important role in recovery after insult. However, if their cell function is 

compromised the consequences are severe.  

Cell signalling factors 

The response to neural injury consists of a complex series of cellular responses and events via 

temporal and spatial changes in cellular molecular expression.503, 540 The cellular response 

depends on the type and severity of the primary injury and the following cascade of secondary 

events.49, 503 Injury itself, and the subsequent activation of the immune system changes cells 

expression patterns, which shape the internal environment. In the next section, I will introduce 

some of the key molecules involved in white matter injury.  

Cytokines are known to act on ion channels and have bearing on excitability, synaptic 

plasticity and injury, and illicit different responses in a cell type specific way.541, 542 

interleukin-1β (Il-1β) and tumour necrosis factor α (TNFα) are often implicated in 

pathophysiology and are the most widely researched.543-546  

IL-1β 

IL-1β produces district actions in different cell types, regulating cytokine production in glia 

and modulating synaptic function in neurons.547-549 Though the mechanisms underlying these 

actions are not yet well understood and are likely different in different cell types, the best-

known mechanism involves the kinase cascade, which leads to NF-κB activation, and in glia 

mediates the transcription of growth factors and cytokines.550 Furthermore, IL1-β may also 

activate the p38 and c-Jun N-terminal kinase pathways and thus may mediate β-amyloid-

induced neurotoxicity.549 IL-1β further modulates ion channel activity; it augments GABA 

receptor function via inhibition of voltage gated Ca2+ channels, 551 and inhibits voltage gated 

Na+ channels in the adult rat brain.552  



Chapter 1: Introduction 

32 

 

TNFα  

TNFα, like IL-1β is a major effector in PVL, directly reducing cell survival and 

differentiation. PreOLs highly express TNFα related apoptosis inducing ligand receptors 

TRAIL-R1 and -R2.553 Furthermore, TNFα indirectly effects preOL survival by increasing the 

effect of interferon gamma (INFγ), which increases glutamate toxicity,554 as well as IL-1β and 

thus NF-κB, which are secreted by activated astrocytes and microglia. INFγ induces iNOS 

production and thereby NO and free radicals, contributing to in maturational arrest and cell 

death.555-562. Indeed, in a Brazilian study in newborns with HIE, Gabriel et al., found that 

babies with genetic polymorphisms that cause a higher expression of both IL-1β and TNFα 

had worse neural outcomes.563 

Through these mechanisms IL-1β and TNFα can cause changes in long-term potentiation, 

altering the connectome.564 Furthermore, IL-1 receptor signalling brings about changes in 

voltage gated and ligand gated ion channels, as well as, gene transcription changes that 

involve synaptic plasticity and neurotransmission. This increases excitability, and that 

contributes to lower seizure thresholds chronically.565 

NF-κB 

NF-κB is a transcription factor that regulates gene transcription in response to inflammatory 

stimuli and can influence the expression of chemokines, cytokines, enzymes, adhesion 

molecules, and transcription and survival factors.550, 566, 567 When TLRs on glia are triggered 

by injury the signalling is mediated by NF-κB leading to chemokine expression, NO 

production and leukocyte infiltration.568 

Chemokines, cytokines and growth factors act to regulate brain growth and development and 

play a role in endogenous neuroprotection, as well as modulate injury. These signals have a 

high degree of overlap and built in redundancy, as well as opposing functions in different 

temporal and developmental settings, this makes identifying the main effect or most important 

player difficult.468, 569-571 

Free radicals and excitotoxicity 

Evidence suggests that many preOLs may die due to oxidative toxicity. A number of studies 

have shown a high correlation of PVL with oxidative and nitrative staining in human PVL 

lesions, and many more have consistently observed a specific vulnerability of preOLs to ROS 

attack.26, 458, 572 Furthermore, the distribution of PVL is consistent with the distribution of 

preOLs.277, 572 A number of mechanisms are proposed in the literature; including heightened 
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ROS production by preOLs, microglia and astrocytes, and a reduced capability to handle high 

levels of oxidative stress, due to a delayed development of anti-oxidative enzymes.28, 273  

The inherent vulnerability to ROS and NOS damage can be explained by the fact that they are 

poorly equipped to scavenge oxidative species.251, 573 PreOLs have a lower activity level of 

reduced glutathione and glutathione peroxidase (GPx), as well as quinine reductase, and lack 

mitochondrial manganese superoxide dismutase -1 and -2 (SOD-1 and -2). Despite this, 

preOLs have a higher rate of oxidative metabolism than other glial cell types, which can 

increase when metabolism is disturbed.574 Taken together this means preOLs are ill equipped 

to handle the oxidative stress posed by HI. 

PreOLs are shown to have a developmental mismatch of SOD-1 and -2, catalase, and GPx. 

These enzymes catalyse the conversion of O2 to H2O 2 and the breakdown of H2O 2.
575 Folkerth 

et al., suggests that this developmental dissociation, between the expression of the SODs and 

that of catalase and GPx, is likely to contribute to the preOL vulnerability to free radicals in 

preterm white matter.574 Additionally, the scavenging of H2O2 by GPx and catalase is less 

effective in cultured preOLs when compared to their mature counterparts.576, 577 Further, the 

maturational accumulation of Fe+ in preOLs for differentiation converts the H2O2 to hydroxyl 

radicals.578, 579 Similarly, reactive nitrogen species (RNS) overlap in some of the mechanisms 

discussed above. NO combined with superoxide produces the anion peroxynitrite, which was 

also found abundantly in PVL.457, 527 The expression of iNOS by astrocytes and microglia is 

upregulated in white matter lesions with subsequent superoxide anions generated in microglia, 

astrocytes, and preOLs.580 PreOLs are particularly vulnerable to the factors released in 

immune activation and the production of reactive oxygen species, cell death and the release of 

cell content into the extracellular space.581  

The levels of extracellular glutamate are elevated during and after asphyxial injury.582-584 The 

expression of glutamate transporters excitatory amino acid transporter 2 (EATT2) 585 and α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid/Kainate (AMPA/KA) is significantly 

higher in preOLs than in mature OLs.384, 586 These receptors, when over stimulated, initiate 

cell death,587, 588 and inhibiting AMPA/KA receptors after an ischaemic insult leads to a 

reduction of preOL cell loss and subsequent hypomyelination.588 Furthermore, preOLs also 

express NMDA receptors, while the AMPA receptors are found mostly on the cell body 

NMDA receptors are concentrated in the processes and, like the AMPA receptors these are 

also Ca2+ sensitive.389 Under physiological conditions NMDA receptors are believed to have a 

functional role in the myelination process with the axon releasing glutamate, however, under 
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pathological conditions, with excess extracellular glutamate, cells incur process loss and 

hypomyelination.589, 590 

The amount of free glutamate has been correlated to the extent of white matter injury in a 

sheep model of PVL.591 In the preterm brain, Fraser and colleagues showed, in 0.65 gestation 

sheep using carotid artery occlusion, that glutamate correlates with secondary phase changes 

in impedance and white matter injury.156 Activated microglia contribute to extracellular 

glutamate, as well as promoting the release of glutamate from other cell types.584, 592, 593 

Furthermore, glutamate is also released from axons and reactive astrocytes via the same 

transporter.594 There can be a reversal of glutamate transport during post-ischaemic oxidative 

metabolism, so increased expression of EATT2 may facilitate excitotoxic mediated injury.  

The mechanism through which glutamate effects preOL death likely involves an influx of 

calcium, which promotes the subsequent generation of reactive oxygen and nitrogen species, 

which further activating cell death pathways and undermining mitochondrial stability.390, 595-597 

The AMPA receptors on preOLs, unlike on mature OLs, lack the subunit GluR2 that would 

make them calcium insensitive, and indeed the excitotoxicity can be blocked by the 

administration of antioxidant enzymes.390, 586, 588, 598  

Glutamate is also capable of non-receptor mediated cell death via what is known as oxytosis or 

oxidative glutamate toxicity, leading to regulated non-apoptotic cell death.599, 600 Glutamate 

competes with cysteine, a precursor for glutathione, a potent anti-oxidant, reducing the 

intracellular concentration of cysteine and thus glutathione results in injury and cell death.600, 

601 As preOLs have a low expression of anti-oxidants, like glutathione peroxidase and 

mitochondrial antioxidant manganese superoxide dismutase, these preOLs are more dependent 

on cysteine than their mature counterparts.49, 576, 600, 602 During and after an insult, and the 

subsequent immune response the amount of free radicals and free glutamate increases, the 

inherent vulnerability of preOLs results in their preferential loss at this stage of development.  

The immune response is complex and integrated and the interplay of many cells and factors 

can easily go awry. Cells and factors that in one instance are beneficial may at a different time 

point or in the presence of a different environment lead to further injury, dysmaturation, and 

maldevelopment. In the preterm brain, where the impact of the loss of cells has a greater effect 

on the development of future brain architecture these processes can be detrimental.504 This 

gives us many potential targets for intervention in the injury process (Figure 4); to reduce 

apoptosis, inflammation, impairment of the neuro-vasculature and improving myelination, 
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neurogenesis and overall architecture, in the following section I will be putting forward a 

number of intervention strategies. 

Treatments 

As the previous section highlights the pathophysiology of perinatal brain injury after HI is 

complex and evolves over time.  

Currently, TH is the only standard treatment for HIE in term infants, and it is not used in 

preterm infants due to safety concerns, despite the potential for efficacy.82, 85, 89, 603, 604 TH is 

designed to be a neuroprotection treatment, with efficacy greatest when started during the 

latent phase of recovery after an HI insult.605 TH significantly reduces cerebral palsy, 

improving survival with reduced disability.605, 606 However, around 50 % of infants do not 

benefit from TH. 83, 605 This lack of efficacy may in large part relate to injury having started 

well before birth, by the time of birth injury will have evolved beyond the window of 

opportunity for treatment efficacy.605, 606 Infants may also present with combinations of insults, 

which the neuroprotection capacity of TH has not been tested for. There is a need to develop 

other neuroprotection treatments suitable for all ages. Further, many infants are born with 

injury that has evolved through to the secondary and tertiary phases, and thus the treatment 

they need is more in keeping with the concept of neuro-repair. 

Insight into the tertiary phase of injury may allow for different windows of opportunity for 

intervention to be found. Addressing oligodendrocyte maturation and following myelination as 

well as overlying neuro-architecture development. It is notable that approximately 50 % of 

premature infants that go on to develop cerebral palsy have no indication of white matter 

lesions in the first few days after birth, but injury develops over time with reduced white 

matter volumes, hypomyelination and reduced cortical and subcortical grey matter observed in 

the longer term.51, 307 As discussed extensively above, while some of this relates to the effect 

of earlier cell loss, much may reflect stalled cell maturation, which changes the subsequent 

trajectory of brain development and connection.607, 608 The local milieu in which inflammatory, 

excitotoxicity, and reactive species are abundant and trophic factors are sparse likely 

influences this process.445  

With better understanding of the ongoing modulation after a perinatal event, we are now 

looking to intervene at distinct stages, and as multimodal treatments that will tackle different 

aspects of evolving injury as the local milieu changes. This is where stem cells are a unique 
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option, unlike conventional drugs; the application of cell therapy offers the benefit of a tailor 

made administration of factors that is environmentally reactive.   

Stem cells 

The need for effective treatments for infants that have suffered HIE has seen increasing 

interest in regenerative options using stem cells. The concept of using stem cells for the 

treatment of injury or disease started in the 1950s with the discovery of two types of stem cells 

in bone marrow, mesenchymal and haematopoietic stem cells.609 The first bone marrow 

transplant was successfully performed in 1968 by Robert Alan Good. Since then stem cells 

were seen as a pool of replacement cells, that could simply be injected into the affected area 

and replace the lost or pathological cells. While there is some potential for stem cells to 

replace lost cells in the target tissue, it is now recognised that the greater power of stem cells 

lies in their ability to support development of endogenous cells through release of factors, 

which support proliferation, survival, maturation, and differentiation, and reducing chronic 

inflammation through immune modulation.124, 610-612 In the meantime cell therapy has gained 

following, for a large number of afflictions, in all age groups. In the CNS stem cells are 

utilised for conditions including Parkinson’s disease, Alzheimer’s, and traumatic brain injury, 

particularly after the discovery that the adult brain could itself produce stem cells.613 In infants 

it sparked investigation into the potential of stem cells to reduce injury after intrauterine 

inflammation, bronchopulmonary dysplasia, necrotising enterocolitis and brain injury.120, 123, 

478, 614-620 

The immature brain is of course highly proliferative, and induces an intrinsic neurogenic 

response to support new cell production, many cell types proliferate and migrate to injured 

areas, however, the capacity for endogenous repair is limited and many newly proliferated 

cells fail to connect or, as discussed above, may be arrested in their development and thus fail 

to mature.28, 621-624 The precise mechanisms that regulate these changes in migration and 

development in the preterm CNS are not fully elucidated; however, these processes are 

influenced by the local environment, which is changed by inflammation. HI, and an increase 

of proinflammatory cytokines is implicated in changing the expansion of primitive neural 

precursors in the subventricular zone and subgranular zone,625 a reduction in OL maturation 

and increased mature OL death.626 Furthermore, it interferes with neuronal maturation and 

connectivity, suppressing gene expression involved in synaptic connection and integration.448, 

627 Thus, intervening in this endogenous response through stem cell therapy may help increase 

proliferation, support maturation and thus facilitate a more normal development of 

cytoarchitecture and the neural network.  
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Umbilical cord blood cells (UCBC) are cells that are under serious investigation. They are 

harvested from the umbilical cord blood postpartum and stored for future autologous 

transplantation. There are a number of different fractions collected from the cord blood, 

including, mesenchymal cells and hematopoietic precursors.628, 629 Cord blood cells, a 

heterogeneous population of mostly mesenchymal and hematopoietic precursors, are perhaps 

the most widely studied progenitor cells. There are numerous studies mostly in rodents that 

vary in outcome from both histological and physical improvement 630, 631 to no effect at all, 632, 

633 634-637 which is likely due to the variability of cells models and protocols. Aridas et al., 

found that the administration of umbilical cord blood mononuclear cells 12 hours after severe 

birth asphyxia in newborn lambs, significantly reduced brain injury and inflammation and 

improved metabolism at 72 hours after the insult.620 In 5 day old rat pups, in contrast, brain 

lesions resulting from an intracranial injection of a glutamate agonist were not affected or 

indeed exacerbated by i.v. or i.p. injections of UCB mononuclear cells.638, 639 In a rabbit model 

for CP, UCBC were given to rabbit kits nine day after the insult at 0.7 gestation. 

Drobyshevsky et al., found that even with delayed treatment the kits significantly improved at 

P11.640 Cord blood is now widely collected with scope on future autologous use. 

Mesenchymal stem cells (MSC) are another widely utilised cell type. These can be obtained 

from a number of different sources aside from UCB including fetal tissue and membranes as 

well as adult tissue. There is growing evidence in the preclinical literature that MSCs can 

promote recovery post HI in adults.641 MSCs derived from cord blood have, in vitro, shown to 

differentiate into neural stem cells, 642, 643 as well as having been transplanted into rodent 

models, lead to functional improvement.644 MSCs potential neuroprotective/restorative effects 

are mediated via a number of different mostly paracrine actions, ranging from the secretion of 

neurotrophic and angiogenic factors to immune modulation. 612, 645 Furthermore, here too there 

is evidence that delayed cell treatment is beneficial, P7 rats were subjected to HI and 

administered bmMSC subcutaneously at P14 there was a significant improvement of the 

striatal medium spiny projection neurons at P21furthermore these animals had improved motor 

skills 646Jellema et al., introduced MSC into a preterm sheep model at 0.7 ga one hour after the 

insult, they found a reduction in microglial proliferation and improvements in the peripheral 

splenic inflammatory response seven days later.647 In a model for multiple sclerosis MSC also 

proved to reduce inflammation allowing for remyelination.617 These cells, when derived from 

adult tissue, are not immune privileged so are susceptible to rejection. However, they are 

easily expanded in culture to obtain large quantities. 
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Cell therapies that are being developed are the next step forward in human medicine. Which 

cell type to use and how they are applied depends on availability, risk and possible benefit. At 

present, the most utilised cell types in a clinical setting are bone marrow and blood cells. 

These cells are relatively easily harvested from patients or donors and have shown good safety 

profiles. Bone marrow transplants are now standard, and cells are routinely used topically. 

Compassionate use or last resort trails have been performed in humans but for large scale 

application cell therapy will need to go through the gauntlet of regulatory approval. Starting 

with proof of concept, phase-I safety studies, phase-II proof of concept in humans, phase-III 

larger statistical benefit/unusual risk studies and finally phase-IV adverse events/patient 

response trials. Some of these steps will be discussed below. 

Human amnion epithelial cells  

For this thesis, the stem cells used are human amniotic epithelial cells (hAECs), which have a 

number of characteristics that make them ideally suited for clinical use, as detailed below.  

The amnion has been used in the clinical setting for over a century, first being applied as a 

wound dressing; this is still done today for wounds and burns.648-650 The use of fetal 

membranes in skin transplantation was first reported by Davis et al., in 1910.651 Since the 

1940s, the amnion has been used in ocular disorders and surgery as a graft or patch.652 This 

historical evidence suggests that even in the long term, this tissue is well tolerated. The use of 

these cells in the clinic has recently taken a turn towards regenerative medicine.123, 126, 127, 653  

Fetal and placental membranes are extra-embryonic tissue and are comprised of both a fetal 

and a maternal component, of which the amnion and chorion are of fetal origin.654 
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Figure 1.3 Schematic representation of the composition of the human amnion. Figure 

prepared by Lotte van den Heuij. 

 

The amnion is comprised of four layers, as shown in Figure 1.3. consisting of: 1) The 

epithelial monolayer, a uniformly arranged single cell layer that is in contact with the amniotic 

fluid, 2) the basement membrane, constituted from laminin, collagen, and glycoproteins 

secreted by the epithelial cells, 3) the compact acellular connective tissue layer and 4) the 

fibroblast or stromal layer, which contains mesenchymal cells.654 Amniotic epithelial cells can 

be harvested from discarded amnion membranes after birth; the tissue is thus readily available 

and the cell isolation is a relatively simple procedure.655 This is a non-invasive and ethically 

sound source of large quantities of cells with stem cell properties.656, 657   

HAECs, therefore, are widely available and have proven to be pluripotent and able to 

differentiate into cell types of all three germ layers, without teratoma formation as they do not 

self-renew readily.656, 658 Additionally, and importantly for clinical administration, there would 

be no need for human leukocyte antigen (HLA) matching of the recipient and donor, or any 

need for immune suppression as studies show that hAECs are hypo-immunogenic, as well as 

non-tumorigenic, which makes them ideal as a generic therapy.656, 659, 660 

Characteristics  

The cell population harvested is heterogeneous, and the expression of molecular surface 

markers varies with isolation and mode of culture. In general heterogeneous populations of 

hAECs express a high percentage of stem cell markers, as well as having a longer telomere 

length than adult mesenchymal stem cells.655, 661 The stem cell markers expressed by hAECs 

are also found on embryonic stem cells including stage- specific embryonic antigen 3 and 4 

(SSEA-3 and SSEA-4) as well as TRA 1-60 and TRA 1-81 (tumour rejection antigen). 
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Additionally, they express molecules involved in cellular interactions and adhesion, such as E 

cadherin, CD9, CD29, CD44, CD104, CD49d, CD49e and CD49f, amongst others.662-665  

In culture, AECs proliferate readily for approximately five passages and express pluripotent 

stem cell transcription factors: OCT-4, Sox-2, Nanog and Rex-1,643, 657, 666, 667 and are able to 

differentiate into cells of the endoderm, mesoderm, and ectoderm.648, 668 More specifically, 

Sakuragawa’s group has shown the differential capacity of AECs towards the neural lineage, 

with the expression of glial and neuronal markers and the release of neurotransmitters and 

neurotrophic factors.669, 670. Further, Zhu et al., showed hAECs could be differentiated to 

myelin-producing Schwann-like cells in culture.671 Amniotic cells also excrete a variety of 

growth and trophic factors, including cytokines; epithelial growth factor, vascular endothelial 

growth factor, keratinocyte growth factor, basic fibroblast growth factor, transforming growth 

factors alpha and beta, interleukin-6 and -8, CCL2, CXCL8, angiogenin, dipeptidyl peptidase 

IV, serpin E1, insulin like growth factor and its binding proteins, among others some of which 

will be discussed in further detail below.130, 668-670, 672, 673  

Although the need for AECs to be physically present at the site of injury does not seem to be a 

necessity, studies have shown that AECs are capable of migrating into the site of tissue 

damage or inflammation.674 However, it is unlikely that the benefits attributed to AEC 

transplantation in the literature are due to cell engraftment, as the number of cells found in the 

injured tissue is often too low to make any real impact for tissue replacement.126, 675, 676 
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Figure 1.4 Schematic of hAEC action 

Factors expressed by hAECs and their potential inductory (←) or inhibitory (˫-) effects. Figure prepared by Lotte van den Heuij 
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Immune modulation 

The literature demonstrates that the ability of AECs to modulate the immune response is 

multifactorial, reducing innate and adaptive immune cell activation, migration and stimulatory 

effects, inducing a shift towards regulatory and helper lineages and outright induction of 

apoptosis of activated T-cells.123, 653, 662, 677 

Investigation into the immune properties of AECs stems from the immune tolerance observed 

between mother and fetus during pregnancy. These studies demonstrate the immune regulatory 

properties of AECs in vivo and in vitro.678, 679 The immune modulation ability of hAECs 

appears multifactorial, including suppression of cytokines, regulation of macrophage 

recruitment, and reduction of neutrophil and macrophage chemotaxis (Figure 1.4).  

When hAECs are transplanted into immune-competent animals, they do not elicit a host 

immune response.659, 660 hAECs express human leukocyte antigen-G (HLA-G), which is 

typically found in immune-privileged organs, and is associated with increased immune 

tolerance by inhibitory receptor interaction.660, 680, 681 Furthermore, HLA-G has been shown to 

have immune-modulatory properties. HLA-G is able to reduce leukocyte proliferation in vitro 

both by direct cell contact and as a soluble factor.682 This potentially allows amniotic epithelial 

cells to be transplanted across major histocompatibility complex (MHC) barriers without the 

need for immune suppression.657, 667, 681  

When hAECs were transplanted into human volunteers (subcutaneously on the upper arm), 

none of the subjects showed clinical signs of acute rejection, and no HLA antibodies were 

detected in serum samples, yet the presence of hAECs were demonstrated at the site of 

implantation by biopsy up to seven weeks after implantation.660 A number of studies have 

shown that hAECs express low levels of HLA class 1A and lack HLA-2 and HLADR as well 

as co-stimulatory molecules CD40, CD80 and CD86, which are involved in T-cell 

expansion.665, 683, 684 Additionally, AECs do not produce programmed cell death ligand 1 and 

2, or its receptors, which are involved in the induction and maintenance of peripheral T-cell 

tolerance and protecting tissues from autoimmune attack.685-687 

AECs modulate the host immune response suppressing T-cell proliferation and antigen 

presenting cell maturation.677, 688-690 This modulation is achieved in several ways including, the 

secretion of TGF-β1, IL-6/-10 and human growth factor, which have been shown to suppress 

T-cell proliferation, and by suppression of natural killer cell, and T-cell activity via the 

expression of the HLA-G.497, 691  
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In the literature, Moodly et al., showed, in a mouse model for chronic lung disease, that AEC 

administration decreased monocyte chemo-attractant protein-1, TNFα, IL-1 /-6, and pro-

fibrotic transforming growth factor-β (TGF-β), as well as down regulated the tissue inhibitors 

of matrix metalloproteinase-1 and -2.663 Manuelpillai et al., demonstrated that hAECs induce 

alternative macrophage activation in hepatic fibrosis favouring M2 macrophages, which are 

associated with fibrosis resolution.692 Similarly, Tan et al., showed that AEC administration 

caused a reduction in macrophage infiltration, and a significant shift to M2 type as opposed to 

M1 polarisation, following a bleomycin challenge in immune-competent mice.675 These 

authors went on to describe how the modulation of macrophage polarisation from M1 to M2, 

is regulatory T-cell (Treg) and TGF-β dependant. Upon stimulation with proinflammatory 

cytokines, hAECs were found to secrete TGF-β, which induced Treg cell activation. Without 

the presence of both hAECs and naive T-cells, no improvement in damage was seen.129 

Further, McDonald and colleagues demonstrated the potential for hAEC immunomodulation 

in a mice model of multiple sclerosis.133 Their studies revealed a reduction in proinflammatory 

cytokines and T-cell response coupled with increase in peripheral Treg cells and an increased 

proportion of T helper type 2 (Th2) cells in the CNS.133 

In a sheep model of postnatal ventilation in 0.85 ga lambs, Barton et al., showed that the 

administration of intravenous and intra-tracheal hAECs at birth prior to the start of a 

ventilation procedure, known to cause lung and brain pathology, altered the effects on injury. 

They observed a reduction in proinflammatory cytokines and microglial infiltration as well as 

a reduction in BBB compromise.127 In a near-term sheep model for chorioamnionitis, fetuses 

were administered LPS into the amniotic fluid at 117 days ga. This was followed by an 

intravenous and/or intra-tracheal administration of hAECs at 0, 6 and 12 hours, resulting in a 

reduction in macrophages and apoptotic cell death in the cortex and periventricular white 

matter.126  

AECs directly reduce the number of proinflammatory cells.497 Li et al., showed that not only 

does the AEC supernatant reduce chemotactic ability of neutrophils and macrophages, it also 

reduced T- and B-cell proliferation and even induced T- and B-cell apoptosis; this is a very 

direct and potent manipulation of the immune response.130 In a mouse model for multiple 

sclerosis, Liu et al., found that the administration of AECs decreased CD3+ T-cell and F4/80 + 

monocyte/macrophage infiltration into the CNS, as well as finding a Th2 cytokine shift.131 

Furthermore, there was a decrease in demyelination and reduced peripheral inflammation, as 

well as an increased numbers of Treg cells.690 Work by Magatti et al., found that AECs 

exerted an inhibitory effect on monocyte differentiation into (dendritic cells) DCs, which in 

http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=6603253017&zone=
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turn reduced T-cell stimulation and proliferation by preventing expression of CD1a and 

reducing the expression of HLA-DR, CD80 and CD83.677 When co-cultured with amniotic 

tissue cells, monocytes arrest in the G0 phase, (the quiescent state of the cell cycle) and they 

did not produce the inflammatory cytokines TNFα, CXCL10, CXCL9 and CCL5. 

Furthermore, AECs secrete all four isoforms of tissue inhibitors of metalloproteinase (TIMP), 

which may reduce BBB permeability after an insult.132  

Additionally, by changing the cytokine profile, AECs may influence the initiation, 

perpetuation, and severity of seizure activity.693 The mechanisms involved in inflammation 

induced seizure facilitation or exacerbation is still not clear, however, it is becoming 

increasingly accepted that inflammatory mediators contribute to seizure predisposition and 

occurrence.694-697 Inflammation inhibits astrocytic glutamate re-uptake as well as up-regulating 

excitatory receptor activity and suppressing inhibitory tone through GABA. Amongst other 

things, this results in increased extracellular glutamate, which contributes to a pre-ictal state 

(the state immediately before the actual seizure) and glutamate toxicity, which could be, at 

least in part, reduced by the immune attenuating effects of hAECs.694, 698 Further, the 

antagonism of inflammatory pathways has shown to reduce seizure susceptibility.699, 700  

To summarise, AECs are immune privileged cells that are able to, not just tolerate, but thrive 

in an immune-compatibility mismatched allogeneic environment. The literature to date shows 

numerous ways in which AECs are able to modulate the immune response. However, the exact 

mechanisms, factors and which cells are targeted is not yet fully elucidated. The effect AECs 

will have after transplantation will most likely differ depending on the type and severity of the 

insult, as well as the timing of the transplantation. Thus, it is essential to further refine 

parameters such as dose, timing of administration and administration route to best suit 

different pathogenic conditions. 

Immune modulation is not the only mechanism by which AECs can affect neuroprotection or 

neuro-repair. AECs secrete growth factors, which are not only important for normal cell 

survival and development but have been shown to be neuroprotective.133, 669, 691, 692, 701-704 An 

attractive component of cell therapy is that the cells can change the factors they secrete to 

meet the different challenges and changing environment, as the brain continues to develop and 

injury progresses. In this way, the administration of cells has an advantage over single trophic 

factor therapies. In the next section of my introduction, I discuss the factors released by AECs, 

which may provide neuroprotection or promote neuro-repair (Figures 1.4 & 1.5).  
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Trophic support 

 

Trophic support is indispensable in the development and maintenance of normal function in 

the brain.705 Numerous factors are known to modulate the neuronal physiology often having 

pro-survival, migration and differentiation roles as well as roles in specification and 

strengthening of the neural arbour network.705 Release of growth factors, neurotrophins and 

chemokines are staged throughout brain development, to cue cells to transition to the next 

stage of development e.g. transition from proliferation to migration and differentiation. 

Withdrawal of factors, such as IGF-1, help promote physiological apoptosis, which is 

necessary to prune unwanted cells. Thus, there is always a balance that promotes cell survival 

and cell death in the normal development of the brain.706 Well known factors that modulate 

brain development and homeostasis, and have been shown to be modulated by AECs include: 

the neurotrophins; NGF, BDNF, neurotrophin-3 (NT-3) and neurotrophin-4 (NT-4), as well as 

other growth factors like vascular endothelial growth factor (VEGF) and insulin like growth 

factor-1 (IGF-1).130, 133, 672, 701, 707-709  

These essential proteins regulate cell survival and development, axon growth and pruning of 

the cerebral arbour, and limiting their expression and availability leads to apoptosis.710-715 

Their expression is important to the normal function of neurotransmitters as well as synaptic 

function and plasticity.716, 717 In the section below I will discuss how these factors, that are 

known to be modulated by AECs, impact neural repair and maturation.  

During recovery from an HI insult, there can be dynamic shifts in trophic factor expression 

depending on the phase of injury and the capacity to salvage cells, or the need to assign them 

to die.718 IGF-1, for example, can be rapidly mobilised from the peripheral pool to provide 

endogenous protection.719 Low levels of IGF-1 are also seen early after HIE in human 

neonates, and are associated with more severe HIE.720 BDNF has been shown to promote 

microglial activation during the early inflammatory phase; this may be to promote the anti-

inflammatory activity induced by microglia.721 NGF is also highly expressed in acutely 

inflamed tissue, with increased expression induced by cytokines.722 After HI injury in adult 

rodents NGF increases over three days, returning to normal by a week, and injury negatively 

correlated with NGF expression.723 However, in severe injury or where there is reduced cell 

viability, there can be either a reduction in neurotrophic activity or impaired binding to 

regulatory sites. For example, neural release of IGF-1 is reduced by activated microglia, and 

withdrawal of IGF-1 and other factors such as BDNF facilitates removal of injured cells via 

apoptosis.721, 724 More chronically, growth factors may increase and decrease as part of repair, 
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which includes increased apoptosis, as cells that are surplus to requirement or which cannot be 

supported are killed.706, 718  

Sustained inflammation appears to downregulate expression of BDNF. Elevated IL-1β, for 

example, impairs BDNF signal transduction,725 and a similar finding is observed with IGF-

1.726 Chronic inflammation may alter the pathways regulating trophic anti-inflammatory 

activity, secondary to the influence of compromised astrocyte activity and cell death.727 For 

example, NGF binds to Tropomyosin receptor kinase A (TrkA) to reduce pro-inflammatory 

activity, but under conditions of chronic inflammation, this binding to TrkA is impaired.722 

Wang et al., demonstrated in newborn mice that serum levels of IGF-1 fell and remained low 

during exposure to low-dose LPS, and the authors suggest that reduced IGF-1 may deprive the 

brain of the necessary trophic support for repair or neuroprotection under such conditions.471 

In preterm infants, a reduction in IGF-1 is associated with decreased myelination, reduced 

white matter volume and impaired mental development.728, 729 Additionally, reduced head 

circumference, a proxy measure of brain growth, is associated with low levels of IGF-1.730 A 

similar observation is made for NGF. Clinically, the NGF levels in the CSF of asphyxia babies 

were found to be decreased at two days postpartum and remained low for several months.731  

Exogenous administration of trophic factors can provide neuroprotection. For example, IGF-1 

given to late gestation fetal sheep and IGF-1 given to near-term fetal sheep after cerebral 

ischaemia provides subcortical and white matter neuroprotection.732, 733 Adult rodent studies 

have shown that when given after HI insults, BDNF decreases white matter injury, improves 

white matter tract connectivity and functional recovery,284 can promote migration of 

neuroblasts to ischaemic areas,734 as well as reduce inflammation.735 NGF administration to 

neonatal rats before or after ischaemia provides a degree of neuroprotection, and reduced 

expression of cytotoxins, like oxygen free radicals.736, 737 NGF given to two children in coma 

and with asymmetrical tetra paresis at 8 and 13 months improved awareness, communication 

skills, and postural and limb coordination one month after treatment.738  

However, timing of treatment is important. Yang and colleagues only observed 

neuroprotection when NGF was given 2 hours, but when also given at 5 hours after 

ischaemia.739 Furthermore, pre-treatment with BDNF several weeks before a stroke insult in 

rats increased injury,740 and BDNF infusion did not alter survival, neurological recovery, or 

histological injury when administered during cardiac arrest in adult rats.741 Additionally, after 

traumatic brain injury BDNF may serve as a biomarker for increased mortality risk.742 

Similarly, when IGF-1 was given i.c.v. to P5 rats simultaneous with LPS the outcome 
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depended heavily on dose. A low dose of IGF-1 resulted in neuroprotection, but a high dose 

severely exacerbated the injury with increased mortality, inflammation and haemorrhage.743 

Patients with acute spinal cord injury showed an initial drop in IGF-1 serum levels, but IGF-1 

serum levels became significantly elevated in the sub-acute phase. Furthermore, patients that 

did not show neurological improvement at 12 weeks had higher levels of serum IGF-1 than 

those that did.744 

These observations highlight the importance of understanding the evolution of injury and the 

balance of expression and withdrawal of factors as part of this progression. Further, it is 

striking that while many studies report the efficacy of exogenous trophic factor support, the 

degree of neuroprotection is not marked. This may be related to dose, or timing, but it may 

also be due to single factor treatment, when the brain requires multiple factors, with the 

temporal expression and withdrawal of these factors a balancing act. In this regard, stem cells 

may offer a potential solution, promoting as they do the release of many factors, and 

potentially working with the brains endogenous signals adapting to provide staged release and 

thus providing a more dynamic form of treatment.123, 133, 497, 673, 745-750 

hAECs can synthesize and release numerous growth factors BDNF, NGF, GDNF, NT-3, EGF, 

TGF, FGF, IGF and hepatocyte growth factor (HGF).120, 123, 672, 673, 708, 746, 751, 752 The role of 

trophic factor regulation in neuroprotection has been poorly studied to date. However, efficacy 

via trophic factors has been observed in other illnesses. Tan and colleagues have demonstrated 

that when hAECs are given to mice with bleomycin induced lung injury the Treg cell 

population is expanded and is associated with reduced lung injury, which in turn is modulated 

by the upregulation of TGF-β.129 A role for trophic factors in mediating other type of lung 

injury is also reported.653, 753-755 Some literature suggests increased VEGF production may also 

impact angiogenesis in lung repair under conditions of inflammation and underlying 

pathology.756 The role of hAECs in mediating changes to improve blood flow through vascular 

modulation is not yet determined, but this has been observed with amnion mesenchymal stem 

cells.757 hAECs given to mice with an experimental autoimmune disease model of multiple 

sclerosis reduced infiltration of peripheral inflammatory mediators and attenuated CNS 

demyelination and these responses were mediated by the activation of TGF-β as well as PGE-

2 on splenocytes.131  

hAECs and other neuroprotective mechanisms 

A number of experiments suggest that hAECs may promote neuroprotection and neuro-repair 

through synthesising and secreting neurotransmitters or promoting increased release of 
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neurotransmitters by other neurons.120, 123, 746 In culture, hAECs have been shown to produce 

catecholamines and acetylcholine.669, 758, 759 The proportion of DA neuron-like cells from 

human umbilical cord blood-derived mesenchymal stem cells (hUCB-MSCs) was significantly 

increased when being co-cultured with hAECs,702 potentially mediated by pleiotrophin 

promoting dopamine release in this model. Further, hAEC transplantation significantly 

ameliorated spatial memory deficits in a mouse model of Alzheimer’s through reducing 

hippocampal cholinergic neurite death, which resulted in increased levels of acetylcholine.676  

CSPGs and hyaluronan 

Chondroitin Sulphate Proteoglycans CSPGs are molecules that are up-regulated by astrocytes 

when they become reactive and in glial scar formation. These molecules, including aggrecan, 

neurocan, versican as well as hyaluronan, are found in the border zones of active demyelinated 

lesions and inhibit pre-OL proliferation, migration, and differentiation.760 Indeed, the addition 

of CSPGs to preOLs in culture inhibits maturation, and removal of these CSPGs enhances the 

process of remyelination, this is achieved with AECs in co-culture.761 As discussed earlier in 

my introduction, reactive astrocytes are a major source of hyaluronan, and excess levels of 

hyaluronan in astrocytic lesions may impair oligodendrocyte maturation.623 

MMPs  

Matrix metalloproteinases (MMPs) are enzymes involved in extra cellular matrix remodelling. 

After injury they are involved in the reduction of BBB integrity, as well as exacerbating 

demyelination by directly degrading myelin specific proteins. MMP12 is upregulated after 

brain injury and inhibition of this MMP reduces injury.762 The administration of hAECs in 

vivo or in vitro results in a reduction of MMP 12 expression as well as lowering the levels of 

TNFα and IL-1,497 possibly improving BBB integrity. TGF-β inhibits degradation of the 

extracellular matrix components through the suppression of MMPs and by stimulation of their 

inhibitors, TIMPs. Depending on the timing of up and down regulation TGF-β might be a 

possible mechanism through which AECs modulate the integrity of the BBB, as well as 

reducing formation of scar tissue and astrocytic pruning of the synaptic arbour after injury.763-

765 

PGE2  

Prostaglandin E2 (PGE2) plays a pivotal role as a mediator of immune pathology in chronic 

inflammation, and is capable of upregulating its own production. PGE2 suppresses acute 

inflammatory mediators, resulting in its predominance in the chronic stages of 

inflammation.766 It also supports the activation of dendritic cells but suppresses their ability to 
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attract naive, memory, and effector T-cells. PGE2 selectively suppresses effector functions of 

macrophages and neutrophils and the Th1, CTL, and NK cell-mediated type-1 immunity, but it 

promotes Th2, Th17, and regulatory T-cell responses.767-769 PGE2 also modulates chemokine 

production, inhibiting the attraction of pro-inflammatory cells while enhancing local 

accumulation of Tregs and myeloid-derived suppressor cells.770 

Although generally recognized as a mediator of active inflammation, promoting local 

vasodilatation and local attraction and activation of neutrophils, macrophages, and mast cells 

at early stages of inflammation, PGE2s’ ability to promote the induction of suppressive IL-10 

and to directly suppress the production of multiple proinflammatory cytokines allows it to 

limit nonspecific inflammation, promoting the immune suppression associated with chronic 

inflammation.766 Although PGE2 can promote the activation, maturation, and migration of 

dendritic cells, the central cells during the development of antigen specific immunity, it has 

been widely demonstrated to suppress both innate and antigen specific immunity at multiple 

molecular and cellular levels,680 earning PGE2 the paradoxical status of a proinflammatory 

factor with immunosuppressive activity. The immune properties of PGE2 are extensively 

reviewed by Kalinski et al.766 This might be one of the factors through which hAECs modulate 

the immune response, as hAECs excrete a significant amount of PGE2 in culture (more than 

MSCs), and the production of PGE2 is increased when hAECs are co-cultured with pro-

inflammatory immune cells.680, 757, 771, 772 

ROS  

As mentioned in the introduction, pre-OLs are particularly vulnerable to ROS attack. HAECs 

reduce ROS injury by limiting the amount produced. This is primarily achieved via the 

modulation of the immune response. Microglia become polarized after injury or infection to 

become either pro-inflammatory “classically activated” M1 phenotypes or anti-inflammatory 

“alternatively activated” M2 phenotypes. Each of these plays a distinct role in injury and 

repair. M1 is characterised by the production of IL-1β, IL-6, IL-12, TNFα, as well as ROS and 

NOS,461, 545 while M2 activated microglia secrete Arg-1 and IL-10, anti-inflammatory proteins 

known for their role in a type 2 adaptive immune response and pro-regeneration.513, 773 By 

pushing microglial activation in the M2 direction, hAECs reduce the amount of ROS produced 

both directly as well as indirectly.774 

hAEC support 

Cells without the appropriate signals from their surrounding will cease to thrive and go into 

apoptosis. One way the hAECs may reduce overall injury is by providing, to some extent, the 
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environmental factors required for cells to make it through the period of connection 

deprivation. What factors are included in this mix is largely still unknown, but include the 

proteins mentioned, above as well as many others.  

Many of these growth and trophic factors are involved in normal development, but the 

availability of many of these factors may be altered due to asphyxia and or inflammation. 

Induction of specific growth factors to mimic physiological maturation may be beneficial in 

the restoration of normal development, maturation and cell cooperation after asphyxia.  

These effects are, at least in part mediated by the activation of the extracellular signal related 

kinase (ERK) pathway and/or the phosphatidylinositol 3 kinase (PI3-K) pathway.775  

Although the mechanisms and factors through which hAECs modulate the injured 

environment are not yet fully elucidated, the scientific community is gaining more insight into 

the potential that cell therapy holds. Some of the factors expressed and their effects can be 

seen in Figure 4 and a global overview in Figure 1.5.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5 General overview of hAEC action. Figure prepared by Lotte van den Heuij
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Aims and Hypotheses  

The overall aim of my thesis was to investigate the effects of hAECs on brain injury after 

asphyxia and cerebral ischaemia in preterm and term fetal sheep. In an additional study, I 

evaluated the effect of chronic inflammation on the neural responses to asphyxia to provide 

further information about the role of inflammation in modifying neural injury after asphyxia.  

The specific aims and hypotheses for individual chapters of this thesis are detailed below. 

Chapter 3 Does pre-existing inflammation sensitise the brain to asphyxial injury?  

Preterm fetuses can be exposed to combinations of an adverse event such as asphyxia in 

conjunction with an increased inflammatory load caused by conditions such as 

chorioamnionitis. While many studies have examined whether inflammation can sensitise the 

brain to HI injury or create tolerance to HI injury in adults and newborns, surprisingly little is 

known about how pre-existing inflammation modifies neural injury caused by an HI insult in 

utero ischaemia. Experiments in neonatal rat pups showed that a delay between the onset of 

inflammation and an HI insult increases injury. 

Study Aim: The aim of my first study was to establish whether pre-existing inflammation 

sensitises the brain to greater injury after an asphyxial insult induced by UCO, which normally 

only causes mild selective neuronal cell loss.  

Hypothesis: I hypothesised that acute-on-chronic inflammation would sensitize the 

developing brain to a subsequent period of moderate asphyxia.  

Chapter 4 and 5 Do hAECs ameliorate injury when given in the latent and secondary phases 

of injury? 

Treatments such as therapeutic hypothermia are most effective when started during the latent 

phase, and continued throughout the secondary phase, with efficacy lost if the timing of 

treatment is delayed until the secondary phase. However, many infants will be born with 

injury that has evolved past the latent phase. Stem cells have the capacity to provide 

neuroprotection and neuro-repair even if treatment is delayed, through their anti-inflammatory 

actions and release of neurotrophic factors.  

Study Aim: The aim of this study was to examine the effects of a single bolus dose of hAECs 

administered at two different time points after the end of an asphyxial insult induced by UCO. 
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The experiment assessed whether hAECs given directly into the cerebral lateral ventricles 

were neuroprotective, and whether the timing of treatment altered treatment efficacy by testing 

an early latent phase time point (2 hours post-UCO) and a delayed secondary phase time point 

(24 hours post-UCO). I examined changes in plasma cytokines and fetal EEG activity 

throughout the experiment, and histopathological outcomes at 7 days after the end of UCO.  

Hypothesis: I hypothesized that the 2 hour administration would modulate the inflammatory 

response before seizure onset and reduce seizure activity and ultimately reduce cell death in 

the secondary phase of deterioration. The 24 hour administration, a clinically more realistic 

time point, would reduce ongoing cell death due to ongoing inflammation and augment 

endogenous recovery.  

Chapter 6 Do repeated doses of intranasal hAECs started 24 hours after asphyxia reduce 

injury and support neuro-repair?  

As discussed above, many babies may be born with injury that has evolved beyond the latent 

phase of recovery, which for therapeutic hypothermia at least is after the optimal start time for 

neuroprotection. Developing treatments which can be given after this time is essential. Stem 

cells have therapeutic potential through their anti-inflammatory and trophic factor 

mechanisms, and data from rodents suggests that repeated doses are more effective than a 

single dose, targeting different stages of injury evolution. Further, such studies suggest that 

stem cells can be given intranasally, which is a very non-invasive route of administration. 

Study Aim: The aim of this study was to evaluate three doses of hAECs given intranasally at 

24 hours, 3 days and 10 days post-UCO. EEG was assessed as well as spectral edge and sleep 

state architecture. Injury, maturation and inflammatory parameters were evaluated by 

histopathological outcome at 21 days after the end of UCO.  

Hypothesis: I hypothesised that the intranasal administration of hAECs at 24 hours, 3 days 

and 10 days after asphyxia will reduce injury at 21 days by immunomodulation and supporting 

white matter maturation and grey matter development.  

Chapter 7 Do hAECs offer therapeutic benefits in the near-term fetus?  

Therapeutic hypothermia is currently the only treatment available in term infants with HIE, 

with a number to treat of 8 there is a need for further treatments. Term infants present with a 

different pattern of injury as they are developmentally more mature. The effect of cell 

administration may, therefore, be different in these older fetuses. Further the literature 
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suggests that cells are remotely beneficial and do not need to be present in the brain to have a 

therapeutic effect. The administration of cells intravenous assures cells are in situ immediately 

but is less invasive than intracerebroventricular administration. To assess the effects of hAECs 

of the more matured brain, hAECs were administered intravenous at 2 hours after 30 min of 

hypoxic-ischaemia.  

Study Aim: The aim of this study was to evaluate the therapeutic potential of hAECs in a 

near-term model of HIE. This is a primary assessment of the histopathology of 

oligodendrocytes, neurons, and immune cells as well as EEG parameters and sleep state 

cycling after 7 days recovery. 

Hypothesis: I hypothesized that intravenous hAECs administration at 2 hours after carotid 

occlusion would modulate the immune response, reducing seizure activity and resulting in less 

cell death activity at 7 days after 30 min carotid occlusion. 
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Chapter 2: General Methods 

This section provides in depth detail about the methods used in my studies, and the study 

rationale. Details specific to each study are provided in the individual chapters. 

Sheep model 

In my study, I used the chronically instrumented fetal sheep model and as part of my thesis, I 

have discussed the strengths of this model in a book chapter.152 This model permits the study 

of the sheep fetus growing and developing in utero without the confounding effects of 

anaesthesia. The fetal sheep can be used to study not only the histopathological outcomes but 

can be instrumented to allow continuous measurement of fetal physiological parameters, 

which can be used to assess safety as well physiological and pathological changes and as 

functional outcomes. Further, the fetus is accessible for repeated blood sampling allowing for 

measurement of such parameters as fetal oxygenation and cytokines that can then be correlated 

with physiological changes and eventual histopathology.  

Why use the fetus and not the newborn 

It is a reasonable question to ask, why use the fetus when the therapies being discussed in this 

thesis are likely to be provided to newborns. The overarching answer is that the fetal 

environment provides a stable physiological environment and the uterus is, in essence, an 

intensive care unit. Delivery of fetal sheep prematurely, even at 0.85 of gestation, poses 

significant clinical management problems. While the brain is mature at 0.85, the lungs are not 

and thus newborn lambs would require steroids and may require ventilation, which in turn 

necessitates sedation. Further ethically, one may need to treat the seizures that occur after 

asphyxia. While at 0.85 this is technically feasible as demonstrated by the studies conducted at 

Monash University,123, 620, 776 clinical treatments have the potential to change the pathogenesis 

of injury and may increase injury. For example, ventilating newborn lambs that have been 

exposed to inflammatory mediators increases neural injury and alters haemodynamic 

function.777-779 In our group, we have shown that steroids may increase neural injury after 

UCO.228, 229, 780 The challenges of managing a much younger fetus are exponentially harder. It 

would not be feasible to maintain newborns at 0.7 gestation for long, and certainly not for the 

21 days in my study to look at the question of neuro-repair.  
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Thus, while such treatments and procedures are the clinical reality, the purpose of using the 

fetal model was to establish the “normal” pathogenic course of injury first and to test the 

efficacy of treatment on that course. The caveat is, of course, that the fetal and the intrauterine 

environment are not truly normal because they have had surgical exposure. However, it does 

provide an opportunity to evaluate the development of injury and the effect of treatments 

without other confounders and previous work has shown that this approach is a viable one. 

This model was used to provide key data for the development of the treatment parameters for 

the introduction to clinic of therapeutic hypothermia for HIE at term.323, 605, 781-784 Thus, 

overall, the fetal sheep model provides key information to the field, augmenting studies done 

in other animals. 

Ages and insults  

Unlike the rodent brain, which is lissencephalic, sheep, like humans, have a gyrencephalic 

brain. This allows for a more comprehensive comparison of intracerebral white matter injury 

and cortical complexity than in rodents, making them better suited for this type of research.152 

In my studies I have utilised the 0.7 gestation and 0.85 gestation sheep fetus as these ages 

approximate human brain development at 28-32 weeks before the onset of cortical maturation, 

and full term.785-788 (For comparative brain development see, Figure 2.1) 

I have used the umbilical cord occlusion at 0.7 gestation to induce a clinical relevant pattern of 

brain injury characterised by sub-cortical neuronal injury and diffuse white matter injury.152, 

368, 789 As discussed in my introduction, the preterm brain is remarkably tolerant to HI insults 

and a prolonged single insult is necessary to produce injury. 175 A UCO duration of 25 minute 

is required to reliably produce a severe pattern of injury, whereas 15 minutes of UCO 

produces a select mild pattern of injury.193, 335 While 25 minutes is a long duration, the sheep 

fetus can generally withstand this duration without the need for resuscitation. 175, 789-791 As 

discussed in the introduction, the preterm fetal responses to asphyxia induced by UCO are 

qualitatively the same as the term fetus, despite relative immaturity.166, 175  

We have established that UCO at term of a duration sufficient to cause significant watershed 

or thalamic injury, usually resulted in the fetuses dying within the first few hours to first 

day.345 This was secondary to significant cardiac injury and intense peripheral vasoconstriction 

necessary to keep blood pressure elevated but which resulted in acidosis. 345 Thus for my term 

studies, I used the cerebral ischaemia model, induced by bilateral carotid occlusion for 30 min, 

this model produces a parasagittal watershed distribution injury.157, 193, 792  
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Figure 2.1 Schematic comparative of brain development in humans (red), sheep (green and 

rodents (blue) from 0.2 weeks gestation until term. Figure was prepared by Lotte van den Heuij. 

Instrumentation 

Surgical instruments, equipment, catheters, and electrodes were sterilised by gamma 

irradiation, ethylene oxide gas, cold sterilisation (70% alcohol and hibitane) or autoclave. 

Some materials used in my experiments were made in-house. The methods for making these 

are detailed below. 

Electrodes 

Electrodes for monitoring of EEG/EMG, ECG and impedance (IMP) were made in-house 

using Cooner wire (Cooner Wire Co., Chatsworth, USA). These electrodes are flexible 

Fluorinated Ethylene Propylene (FEP) Multi-Conductor Cables. The outside is surrounded by 

is a stainless steel sheath housing micro stainless steel wires, which are Teflon coated. The 
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wires of the distal (plug) end of all electrodes was stripped of Teflon and soldered into a nine 

pin connector (9-way RS Components Ltd. Auckland, NZ).  

ECG electrodes: These electrodes were made from three stranded Cooner wire (AS633-

3SSF) cut to 165 cm lengths. The proximal end (the part of the electrode to be inserted into the 

fetus) consisted of two wires separated from the sheath and each threaded with 1mm thick 

fabric disks (made by a hole punch). A double knot was placed 10 cm from the sheath, to 

secure the disk, and 30 cm of wire beneath it bared of the insulating Teflon coating and rolled 

up into tight balls that would be slipped under the fetal skin during surgery.  

Impedance electrodes: These electrodes were made from the same 3 strand Cooner wire cut 

to 140 cm lengths. The outer Teflon was stripped off for 20 cm and 3 cm at each end, 

respectively. At the proximal end, two 15 cm wires were separated from the sheath and 

threaded with fabric disks. A double knot was made at 5 cm from the end of the sheath to 

secure the discs, and the remaining wire stripped of its coating and the wire rolled up into tight 

balls.  

EEG/EMG electrodes: These electrodes were made from 7strand cooner wire (AS633-7SSF, 

Cooner Wire Co., Chatsworth, USA) cut to 140 cm lengths. At the proximal end, the outer 

Teflon was stripped off for 15 cm and 3 cm of each end. All seven wires were separated from 

the sheath. Fabric disks were threaded onto four wires and knotted into place at 5 cm from the 

sheath end to secure the disks, and the wire stripped and rolled into balls. The disks were 

labelled for identification of left and right placement during surgery. An EMG electrode was 

formed from the same wire. Two wires were knotted 10 cm below the sheath and had a 5 mm 

length of coating removed to bare the wires for later implantation into the nuchal muscle to 

measure EMG activity. The last strand was cut shorter and also had 5 mm of coating removed 

at 5 cm from the proximal end to be used as a reference electrode for earthing. The outer mesh 

sheath was twisted for later use as a second earth wire.  
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Figure 2.2 Schematic showing the details of catheter construction.  

A) amniotic catheter, B) Maternal saphenous vein catheter, C) fetal catheter, D) lateral 

ventricle catheter. This figure was made by Lotte Van den Heuij  

Catheters 

All catheters were made of 140 cm, single lumen polyvinyl chloride (PVC tubing, Bio Corp, 

Australia Pty Ltd), with an outer and inner diameter (OD and ID) of 2 mm and 1 mm, 

respectively (Figure 2.2).  

Two rings of 1.0mm were glued 2mm apart to the proximal end of the tubing using 

cyclohexanone. These hubs were used to secure the catheter onto the blood vessel. An 18 

gauge blunt needle was inserted into the distal end of the catheter. This basic 040 catheter was 

used for catheterising the maternal saphenous vein. For the amniotic catheter, 4-5 holes were 

cut in the proximal end to stop blocking of the catheter by meconium. Fetal vascular catheters 

were made in 3 sizes: 015 (0.15-0.74 OD and ID mm), 025 (1.2-0.8 OD and ID mm) and 030 

(1.27-0.86 OD and ID mm) by inserting a 15 cm length of smaller tubing inside the proximal 

end of the catheter, and gluing with cyclohexanone.  

Lateral ventricle catheters were made from fine tubing OD 1.2 mm ID 0.80 mm, (SV055, PVC 

tubing, Bio Corp, Australia Pty Ltd). A 20 gauge needle (Becton, Dickinson and Company, 

Singapore) was inserted into the distal end. The proximal end had a modified 20 gauge needle 

inserted. The plastic hub was removed and the needle bent to a 90 degree angle at 12.5 mm 

from the needle tip and inserted into the catheter until the bend. A fabric disk produced by a 

whole punch as for the electrodes, was slipped over the needle and onto the catheter. This disk 

was glued onto the head during surgery to secure the catheter in place (Figure 5).  
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The carotid occluders were made in-house with two 1.4 m lengths of silicone tubing (inner 

diameter 1.02 mm, outer diameter 2.15 mm (Degania, Bamford & Co Ltd, Wellington, NZ). A 

3 cm length of silicone tubing (inner diameter 4.77 mm, outer diameter 7.9 mm, Degania, 

Bamford & Co Ltd), was placed over the silicone tubing, and a 18 gauge blunt needle 

(Monoject, Tyco Healthcare, NSW, Australia) was inserted into the distal end and sealed with 

liquid silicone (Dow Corning Co., Auburn MI, USA). To connect the thin silicone tubing to 

the ‘balloon tubing’ (the occluder potion (outer diameter 2.41 mm, inner diameter 1.57 mm), 

connectors were made from 5 mm lengths of 16 gauge needles (Becton, Dickinson and 

Company, Singapore). Two pieces of balloon tubing were then fed through small holes made 

at the bottom and top of a 10 mm length of silicone tubing (outer diameter 11 mm, inner 

diameter 7 mm (Degania, Bamford & Co Ltd)) such that the metal connectors sat in the 

bottom holes, and approximately 2 mm of balloon tubing stuck out the top. The holes were 

placed slightly toward the back of the head of the carotid cuff, such that the balloon tubing 

would not obstruct the carotid artery prior to inflation. A 10 mm length of silicone tubing 

(outer diameter 7.9 mm, inner diameter 4.77 mm, Degania, Bamford & Co Ltd) was placed 

over the join between the long tubing and the metal connectors, adjacent to the carotid cuff, 

and sealed with silicone, as were the cut top ends of the balloon tubing. The carotid cuff was 

previously cut across the front midline, between the upper and lower holes. Silk suture (1.0, 

Resorba, Wunderversogung, Nürnberg, Germany) was tied onto both the upper and lower lip 

of the incision for tying the occluder closed at surgery (Figure 2.3).  
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Figure 2.3 Schematic of carotid occluder construction.  

Front and side views of the carotid artery occluders. This figure was made by Lotte Van 

den Heuij  

 

 
Experimental subjects 

All procedures were approved by the Animal Ethics Committee of the University of Auckland 

in accordance with the Animal Welfare Act of New Zealand (1999).  

For these experiments 2-3 year old Romney ewes were time mated with Suffolk rams. The 

gestation period of pregnancy is around 148 days. Pregnancy was confirmed at 4-5 weeks and 

again at 8-9 weeks with ultrasound. Ewes were allowed to become accustomed with grass nuts 

(Country Harvest Stockfeeds Ltd. Hamilton, NZ), the food provided to the animals in our 

laboratory, two weeks before being transported to the large animal unit. The animals were 

assessed for general wellbeing upon arrival, and were allowed to acclimatize to the new 

surroundings and handling for a week before surgery. Food and water intake was monitored 

daily. Ewes were housed in separate metabolic cages with companion animals in a 
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Table 1 Instrumentation per experimental group 

Prem LPS +  Prem i.c.v. hAECs  Prem i.n. hAECs Term i.v. hAECs 

Asphyxia  7 d recovery 21 d recovery  7 d recovery 

FA FA BA             2x BA             2x 

FV FV BV BV             2x 

BA BA AMN Carotid occluder 

BV BV UCO CaBF 

AMN AMN ECG ECG 

UCO UCO EEG/EMG EEG/EMG 

CaBF CaBF IN  IMP 

ECG ECG 

 

Brain temp 

EEG/EMG EEG/EMG     

IMP IMP     

 LV     

 Brain temp     

 

FA femoral artery catheter, FV femoral vein catheter, BA brachial artery catheter, BV 

brachial vein catheter, LV lateral ventricle catheter, IN intranasal catheter, AMN amniotic 

catheter, UCO umbilical cord occluder, CaBF carotid blood flow probe, ECG 

electrocardiography electrodes, EEG electroencephalography electrodes, EMG 

electromyography electrodes, IMP impedance electrodes.   

 

temperature-controlled room (16 ± 1 ºC, humidity 50 ± 10%) with a 12 hour light/dark cycle 

(light 0600 to 1800 hours) and ad libitum access to water and food.  

Surgery  

Preparation 

At approximately 100±2 days ga for preterm and 126±2 days ga for term, surgery was 

performed for fetal instrumentation. Food but not water was withheld from ewes 24 h prior to 

surgery to minimise the risk of vomiting during surgery. For prophylaxis 5 mL Streptocin 

(Procaine Penicillin 2.5*105 units and Dihydrostreptomycin 250 mg/mL, Stockguard Labs 

Ltd., Hamilton, NZ) was administered intramuscularly 30 min prior to surgery. Anaesthesia 

was induced by i.v. injection of 2% propofol (5mg/kg). The ewes were intubated with a 9 mm 

cuffed inflatable endotracheal tube and anaesthesia maintained by administration of 2-5% 

isofluorane (Medsource Isoflurane, Lunan Better Pharmaceutical Co Ltd, China) in oxygen. 

Ewes were continuously monitored by trained anaesthetic staff. Once anaesthetised, the ewes 

abdomen, flank, and one leg were shaved and cleaned with soap and water and 10% povidoen-
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iodine (Betadine solution, F.H. Faulding and Co., Mulgrave, AU). This was washed off with 

2% hibitaine in 70% ethanol, and the surgical areas were given a final spray with iodine. A 

butterfly catheter was placed in a brachial vein, and the ewes received a constant drip infusion 

of isotonic saline (250 mL/h).  

Surgical procedures 

Under aseptic conditions and using sterile surgical technique, a ~20 cm midline laparotomy 

was performed via scalpel and diathermy (Electromedical systems Inc., Danvers, USA). The 

ewe’s abdomen was opened along the linea alba and the uterus was exposed. Catheters, 

electrodes, flow probes and temperature probes were placed into the abdomen via a size 12 

French trocar introduced through the sterile flank, dorsal and below the ribs. For 

instrumentation for the different experiments see Table 1. (See Figure 7 for positioning of 

instrumentation) 

The catheters were then labelled for identification after surgery and flushed with isotonic 

saline. The dead space for all catheters was determined during surgery and recorded. A portion 

of the fetus (top or bottom as required) was exposed through a 10 cm uterine incision placed 

parallel to vessels and avoiding cotyledons and secured with Babcock clamps. Blood vessels 

were dissected free with fine haemostats, and cut with Vanna scissors to allow catheterisation. 

Catheters were checked for patency and secured into the vessels with 3.0 silk suture ties and 

wounds closed with 2.0 or 3.0 silk sutures.  Catheters were secured to a limb if necessary. An 

amniotic catheter was fastened onto the fetal back for amniotic pressure recordings.  

ECG electrodes for fetal heart rate monitoring were placed subcutaneously on the ventral 

aspect of the right shoulder and on the left side of the thorax, under the left forelimb and 

sutured in place. For placement of the EEG and impedance electrode, the scalp was reflected, 

and six holes approximately 1.5 mm in diameter were made in the skull with a dentist drill and 

electrodes inserted onto the dura approximately 10 and 20 mm anterior and 10 mm lateral of 

the bregma for EEG, and 15mm anterior of the bregma and 5mm anterior of the EEG 

electrodes for the impedance (Figure 7 B). The holes were then filled with bone wax and 

secured in place by fabric disks with cyanoacrylate glue (Selleys Supaglue, Selleys, Auckland, 

NZ). 

For cell infusion, a lateral ventricle catheter was placed in the right ventricle through a smaller 

1 mm hole, drilled 6 mm anterior and 4 mm to the right of bregma, and depending on the size 

of the fetus, a 12.5 - 14 mm LV was placed by inserting the needle at a 90 angle to the skull. 
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Placement was checked by CSF flow before being glued in place. To monitor brain 

temperature a probe was inserted under the skull on the dura. A reference wire was sewn into 

the skin of the upper ear and a ground into the scalp at the base of the skull. The scalp was 

then glued back in place over the instrumentation with the cyanoacrylate glue. For 

measurement of nuchal electromyographic activity, two wires were sewn into the nuchal 

muscles through a small incision on the back of the neck.  

Carotid blood flow probes were placed around the carotid artery parallel to the jugular and 

trachea and below the larynx (3S, Transonic Systems, Ithaca, NY, USA). Sterile saline was 

gently flushed around the probe to remove air bubbles before wound closure. In preterm 

preparations, an umbilical cord occluder (In Vivo Metric Healdsburg, CA, USA) was placed 

around the umbilical cord. Each edge of the occluder had been pre-threaded with umbilical 

tape (Johnson & Johnson Medical Pty. Ltd. Auckland, NZ) and this tape was tied together to 

secure the occluder. The occluder tubing secured loosely on the ribs. In the term preparation, 

instead of the umbilical cord occluder placement, a carotid artery occluder consisting of a cuff 

with two inflatable balloons was secured around each of the carotids after ligation of the 

carotid vertebral anastomoses.793, 794 

Surgical Closing 

When all procedures were complete, the fetus was returned to the uterus in approximately the 

original position.  Around 350 mL of warm sterile saline was poured into the uterus to replace 

lost amniotic fluid. The uterus was then sutured closed with 2.0 silk around separated bundles 

of catheters and electrodes. Fetal catheters were then flushed with heparinised sterile saline 

(10 u/mL) and the antibiotic Gentimicin (Pfizer Pty Ltd., Perth AU) was infused into the 

amniotic sac. The occluder and LV catheter were then externalised via the maternal flank and 

the incision closed with a purse string suture. The uterus was placed back into the abdomen, 

covered by the omentum and the linea alba sutured closed with umbilical tape (Johnson and 

Johnson Medical Pty. Ltd. Auckland, NZ). The abdominal skin was sutured closed and pain 

relief was given subcutaneously to the ewe along the abdominal incision (Marcain, 10 mL 

(Bupivacaine hydrochloride 0.25%, AstraZenaca Ltd., Auckland, NZ)). For post-operative 

care and put down the maternal long saphenous vein was catheterised after the catheter was 

introduced subcutaneously via a trocar (made in-house) from the flank to allow the catheter to 

be accessible for flushing.  

The ewes were removed from the anaesthetic and extubated when judged to be spontaneously 

breathing. They were then gently placed back into their metabolic crate, and when the ewe 
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could hold her head up and more aware of her surroundings, she was returned to the laboratory 

and her companions. Ewes were monitored continuously until they were stable and had been 

observed to stand and eat and drink.  

Post-operative care 

Following surgery, ewes were housed together as previously described. The catheters and 

electrodes were placed in a Perspex box attached to the side of the crate and connected to the 

monitoring equipment to permit early physiological assessment of the fetus as part of welfare 

monitoring. Ewes were given daily intravenous antibiotics (600 mg Crystapen, Biochemie, 

Vienna, Austria and 80 mg Gentamicin) for 4 days after surgery. Fetal catheters patency was 

maintained with continuous infusion of heparinised saline (20 U/mL at 0.15 mL/h). The 

maternal catheter was flushed daily with heparinised saline (20 U/mL, 2mLs). 

Experiments began 4-5 days after surgery. During this time welfare monitoring of the ewes 

and their fetuses was undertaken several times each day in accordance with the standard 

operating procedure for large animals authorised by the Animal Ethics Committee. Animals 

were routinely assessed by the University veterinarian and referred to the veterinarian if there 

were any complications. In addition to monitoring fetal physiology, fetal arterial blood 

samples were taken (0.3mL) for assessment of fetal pH, PaCO2, PaO2, haematocrit, 

haemoglobin and oxygen saturation (ABL800 basic analyser, Radiometer Pacific, Auckland, 

NZ) and glucose and lactate (YSI 2300, Yellow Springs Instruments, Ohio, USA) to further 

assess fetal health. Experiments were not conducted if the fetal pH was below 7.30, the PaO2 

below 18 mmHg, or if the fetus displayed signs of distress on physiological recordings such as 

suppressed EEG activity, bradycardia and hypotension. 

Data recording 

Fetal MAP, central venous pressure (CVP), FHR, CaBF, EEG and IMP signals were recorded 

continuously from 24 hours before, until the end of the experiment (specific details in each 

chapter). Data were processed using the programme Labview (National Instruments, Austin, 

Texas, United States) and raw and one minute averaged data were stored to computer disk.  

Fetal pressures and blood flow: Fetal blood pressure was recorded using Novatrans II, 

MX860 pressure transducers (Medex Inc., Hilliard, Ohio, United States) and corrected for 

maternal movement by subtraction of amniotic fluid pressure. The blood pressure signal was 

collected at 64 Hz and low-pass filtered at 30 Hz. Continuous CaBF was measured using a 
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two-channel Transonic T-206 Flowmeter and data were 0.1Hz low-pass filtered with a second 

order Butterworth filter and then digitised at 512 Hz for analysis. 

EEG: EEG signals were recorded via leads through individual unity gain head-stage to reduce 

electrical noise by selective signal amplification (gain 10,000x). Signals were then processed 

with a 6th order low-pass Butterworth filter set to 500Hz with a cut off frequency set with the 

-3 dB point at 30 Hz. EEG intensity was log transformed (EEG amplitude (dB), 20 x log 

(intensity)) to facilitate a better approximation of the normal distribution. 795, 796 The un-

filtered EEG was digitised at a sampling rate of 1024 Hz with a cutoff of 50Hz for seizure 

analysis. 228, 348, 797 Total EEG intensity (square microvolts (µV2) was calculated on the 

intensity (power) spectrum between 1 Hz and 20 Hz. EEG spectral edge frequency (SEF) was 

calculated as the frequency below which 90% of the intensity was present. 

Impedance: A four electrode technique was used to measure cortical impedance. A sinusoidal 

current with a frequency of 200 Hz and amplitude of 0.2 µA was passed through the two outer 

electrodes. The drop in voltage across the two inner electrodes was amplified and fed to a 

phase sensitive detector. The output of the phase sensitive detector was a DC voltage 

proportional to the cortical impedance. 

ECG: The raw ECG signal was analogue filtered with a first order high-pass filter set at 0.05 

Hz, and an eight order low-pass Bessel filter set at 100 Hz to prevent waveform distortion. 

Signals were then processed with a 6th order low-pass Butterworh filter set to 500 Hz and 

digitised to 512 Hz for analysis. 

Nuchal EMG: the EMG signal was amplified 4000 times through a head-stage unit and low-

pass filtered with a sixth order Butterworths filter, -3 dB as the set cut off point at 2 kHz. 

Signals were filtered between 100 Hz and 1 kHz and integrated using a 0.1 sec time constant. 

Data were digitised at 512 Hz for analysis.  

Experimental protocols  

Fetal Asphyxia 

To assess the effect of hAECs on brain injury caused by asphyxia in the 0.7 ga preterm fetal 

sheep reversible systemic asphyxia was induced by inflating the occluder, which was placed 

loosely around the umbilical cord in surgery, with five mL of sterile saline. This completely 

compressed the umbilical vessels Occlusion was maintained for 25 minutes or stopped earlier 
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if fetal MAP reached 8 mmHg or there were cardiac anomalies such as ectopic beats or 

periods of asystole. On completion of occlusion, saline was withdrawn from the occluder to 

deflate it. Efficacy of occlusion was initially determined by a rapid fall in FHR to below 

100bpm, and a significant rise in MAP. To determine the degree of asphyxia, pH, blood gas 

and glucose lactate (biochemistry) measurements were taken at 5 and 17 minutes of UCO. The 

duration of occlusion as previously been established in our laboratory as necessary to induce a 

clinically relevant pattern of brain injury as recently reviewed.175 With the release of the 

occlusion the fetus spontaneously recovers cardiovascular function. 

Fetal Cerebral Ischaemia  

To assess the effect of hAECs on brain injury caused by ischaemia in the 0.85 ga fetal sheep, 

reversible HI of the brain was induced by inflating the carotid occluders with sterile saline for 

30 minutes. Successful occlusion was confirmed by a fall in CaBF, rapid EEG suppression and 

a delayed rise in cortical impedance. Occlusion release resulted in a return of carotid blood 

flow towards baseline. The duration of occlusion has previously been established in our 

laboratory as one which causes a clinically relevant watershed pattern of neuronal injury and 

diffuse white matter loss.157, 798 

hAEC infusions 

In this thesis cells were administered in three different ways, intraventricular, intranasal, and 

intravenous. Delivery of therapies into the CNS is challenging due to the restrictions presented 

by the BBB and hepatic clearance as well as the invasiveness of direct administration. In this 

thesis, different routes of administration were chosen for distinct purposes.  

The administration of hAECs i.c.v. was done to ensure cell placement at the site of injury. As 

these were my proof of principle studies any possibility of negative results due to the cells not 

reaching the site of injury are considerably smaller. Furthermore, if hAECs were to cause 

negative side effects within the injured brain, the likelihood of this happening when the cells 

are introduced directly is highest. For i.c.v. introduction, hAECs were suspended in 1 mL of 

PBS and kept on ice for transport. The dead space of the LV catheters was pre-determined in 

surgery, and during experiments hAECs were infused into the LV catheter over 20 minutes 

(0.05 mL/h) to ensure no rise in cerebroventricular pressure, and then the catheter was flushed 

with artificial cerebrospinal fluid (aCSF, 1 L: KCl 0.373 g, NaCl 8 g CaCl2 0.084 g, pH 7.4) to 

ensure complete hAEC administration into the brain.  
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Cells were given i.v. for some studies, as this is a clinically relevant route. Cells do not get 

metabolised as some drugs would and can actively migrate towards sites of injury. Numerous 

papers highlight the ability of administered cells homing to the site of injury,615, 799-801 and 

indeed cells that are administered systemically can often be found within the CNS. hAECs 

were suspended in approximately 2 mL PBS and infused as a bolus into the brachial vein over 

a minute. The catheter was then flushed with an additional 3 mL sterile saline to ensure 

complete administration of cells. 

The i.n. administration is also a clinically relevant option as demonstrated by many studies as 

it is minimally invasive and offers access to the bloodstream via the nasal mucosa and the 

brain via olfactory nerves.735, 802-807. Delivery via the nasal route bypasses the BBB and allows 

for rapid entry into the brain while minimising systemic distribution, studies have shown that 

cells can be found at the injury site at 1 hour after i.n. administration in rodents.808 

Furthermore cells seem to congregate at sites of injury and studies show that cells can be 

found in these areas for extended periods.804, 809 For i.n. administration hAECs were suspended 

in 1 mL of sterile PBS, and given as a bolus over a minute, and then the catheter was flushed 

with 1 mL sterile saline over a minute. Previous experiments with dye solutions showed that 

fluid stayed in the nasal cavity with this procedure. 
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Figure 2.4 Stereotypic evolving seizure  

This figure shows an example of a stereotypic evolving seizure from the EEG record of a 0.7 

gestation fetus taken 35 hours after UCO.  

 

EEG 

Seizures  

The secondary phase of deterioration is accompanied by the onset of seizure activity. In my 

thesis, stereotypic evolving seizures were manually identified, counted and length and 

amplitude recorded. Stereotypic seizures are defined as repetitive evolving waveforms (Figure 

2.4) lasting more than 10 seconds and with greater amplitude than 20 μV.229, 350, 797 

SEF maturation 

 

 

The EEG changes with maturation going from an unorganised mixture of frequencies toward a 

more organised sleep state pattern, alternating between REM and nonREM sleep (Figure 2.5). 

To quantify maturational changes I looked at the SEF. SEF is defined as the highest frequency 

at which a significant amount (90 %) is present in the EEG and provides an overall measure of 

EEG frequency.810 SEF can be divided into spectral bands of 0–4 Hz (delta) 4–8 Hz (theta), 8-

13 Hz (alpha) and 13–30 Hz (beta), which were analysed and the power of the spectral bands 

were calculated and expressed as a percentage of total power. Injury disrupts the maturational 

change in SEF maturation and sleep state architecture.811, 812 In this thesis, the maturational 

impact of injury and hAEC treatment was established by taking minute averages of the SEF 

during the last day of experiment and quantifying the relative time spent within each 

frequency band. Maturational development as assessed by the proportion of time spent within 
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Figure 2.5 EEG maturation  

This figure shows examples of the Overall distribution of frequency in sham control 

animals at 115 d ga, 123 d ga and 134 d ga, as sleep state cycling becomes more prevalent 

and defined a biphasic pattern is seen in the SEF. Data are minute averages and are 

Mean±SEM 
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specific frequency bands was compared between the sham-sham groups and the asphyxia and 

asphyxia treatment groups.  
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hAEC isolation and preparation  

Ethics 

Women gave written, informed consent for the collection of their placentae, and all procedures 

conformed to the standards set by the Declaration of Helsinki. Human amnion epithelial stem 

cells were collected from the placentae of women with uncomplicated pregnancies undergoing 

elective caesarean section at term. Tissue collection was performed with approval from the 

Monash Health Human Research Ethics Committee, Monash, Melbourne, Australia.  

Tissue preparation 

The tissues were prepared as previously published in a methods paper by Murphy et al. 655 The 

hAECs were provided by the Monash Institute Melbourne, Australia and delivered to us 

frozen, and stored in liquid nitrogen. I spent time as part of my thesis at Monash learning how 

to prepare and extract the cells. The methodology is detailed below.  

The placenta was placed on an absorbent sheet on the maternal side in a class II biological 

safety cabinet (sterile environment). The amnion was manually removed from the chorion, 

starting at the site of membrane rupture and cut loose in a two cm radius from the umbilical 

cord using sterile scissors and transferred into a 200 mL sterile pot containing 50 mL 1x 

Hank’s balanced salt solution (HBBS) (10x HBSS, Gibco®, Scotland, Invitrogen Catalogue 

number 14185-052 without calcium or magnesium) for initial washing. The amnion was then 

transferred to a second sterile pot containing 50 mL 1x HBSS and agitated to remove blood. 

This was repeated until the HBSS remained clear.  

To remove any remaining blood, the amnion was placed in a 15 cm sterile petri dish 

containing sufficient HBSS to keep the amnion from drying, and the blood clots were 

manually removed with forceps and scissors. Pieces, 4 x 4 cm, were then washed a further two 

times in clean 1 x HBSS, and the pieces were transferred into two 200 mL pots with 25 mL of 

0.05% trypsin-EDTA, and incubated for 10 minutes in a 37oC water bath with gentle agitation. 

The 0.05% trypsine-EDTA was then removed and replaced with 50 mL of fresh 0.05% 

trypsine-EDTA and left to incubate at 37oC with gentle agitation for 60 min. Note that any 

remaining blood interferes with the enzymatic digestion. 

Amniotic epithelial cells were removed from the amnion by carefully scraping them on the 

edge of the pot and placing the amnion pieces from the 0.05% trypsine-EDTA into two 50 mL 

falcon tubes for further digestion. The 0.05% trypsine-EDTA was inactivated with 5 mL of 
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fetal bovine serum (FBS). The amnion pieces were digested for a further 60 min in 50 mL 0.05 

% trypsine-EDTA at 37°C with gentle agitation. The supernatant containing the hAECs was 

centrifuged at 1000g for 10 minutes at room temperature. The supernatant was removed 

without disturbing the pellet and the cells re-suspended in 5 mL DMEM/F12 +10 % FBS per 

falcon tube. The cell suspension was then strained through a 70 μm cell strainer (BD 

biosciences, CA, USA Cat #352350). The same was done with the second digestion and the 

amnion membrane pieces were discarded.  

The cells number and viability were assessed using the trypan blue exclusion method, and 

4x16 grids counted. Live and dead cells were counted, and viability established (live cells / 

total cells x 100), along with the total number of isolated cells (total cells / grids counted x 

dilution factor x total volume).  

Cells were spun down at 1000g for 10 minutes and re-suspended 5*106/mL cells in freezing 

media (DMEM/F12 +10 % FBS + 5% DMSO) then frozen down slowly using a Mr Frosty 

freezing container where cooling occurs at approximately 1°C/min until -80°C is achieved and 

transferred to liquid nitrogen for long term storage. To check the hAECs for contamination 

5*105 cells were seeded in a T25 culture flask in 5 mL DMEM/F12 +10 % FBS without 

antibiotics. The cells were incubated at 37°C – 5 % CO2 and assessed on day 1 and 3. 

Cell preparation for administration  

To prepare cells for administration, the cells in freezing media were partially defrosted and 

transferred to a 50 mL falcon tube containing 4°C DMEM/F12 (Invitrogen) with 10% FBS 

(Invitrogen), 1% AbAm (Invitrogen) and 1% L-Glutamate (Sigma, St. Louis, MI, USA). The 

cells were then centrifuged for 5 min at 450 g, the supernatant removed, and the pellet 

resuspended into single cell suspension in 50 mL DMEM/F12. This process was repeated and 

cells resuspended in 10 mL DMEM/F12 for viability check and cell count. 20 µL of the cell 

suspension was diluted with 70 µL PBS and 10 µL trypan blue to perform the cell count and 

viability test. Four grids were counted including top and right, excluding left and bottom 

borders. Total cell count= # cells/ # grids x dilution factor x total volume of suspension x 104, 

and viability= # live cells/ # total cells x 100%. Viability was consistently between 80- 90%. 

Cells were then seeded in DMEM/F12 at a density of 10*106 cells per T175 flask, and 

incubated overnight at 37°C, 5% CO2, 21% O2. The next day, the cells were harvested by 

collection of the DMEM/F12, the flask was then washed 2 x with 10 mL PBS, which was also 

collected before 3 mL 0.25% trypsin–EDTA was added to the flask and allowed to incubate 



Chapter 2: General Methods 

72 

 

for 3 minutes at 37 °C. To neutralise the trypsin 10 mL DMEM/F12 was added and this too 

was collected.  

The suspension was centrifuged for 5 minutes at 450 x g with the supernatant removed, and 

the pellet resuspended in 50 mL DMEM/F12, and the process repeated twice. The pellet was 

then resuspended in 10 mL DMEM/F12 for viability and cell count as above. Depending on 

the type of administration, 1*106 cells were resuspended for i.c.v. infusion, 35*106 for i.n. 

infusion or 60*106 for i.v respectively, were resuspended in PBS, the cells were centrifuged 

for 5 minutes at 450 x g, and re-suspended in 20 mL PBS and finally resuspended in either 

1mL for i.c.v., 1 mL for i.n. or 2 mL for i.v., of PBS.  

Immunohistochemistry 

Tissue processing 

Ewes and fetuses were killed at 7 or 21 days by an overdose of sodium pentobarbitone (30 mL 

administered into the saphenous vein of the ewe as a bolus; 300 mg/mL, (Pentobarb 300, 

Chemstock International, Christchurch, NZ). The fetus was extracted, and the carotid arteries 

exposed and rapidly cannulised. Using a two meter high gravity perfusion setup, brains were 

flushed with 500 mL of 5 u/mL heparinised isotonic saline to remove blood. Brains were then 

fixed with 1L of 10 % formalin through the same gravity fed perfusion. The brains were then 

postfixed for one week in 10% formalin in isotonic saline, before being cut into 4 blocks, 

processed and paraffin embedded as per standard preparation.323 Slides coated in poly-L-lysine 

(Sigma-Aldrich Pty. Ltd., Sydney, AU) were used to mount 10 µm sections. 

Slides were dewaxed in xylene (2 x 15 minutes) and rehydrated in decreasing concentrations 

of ethanol (100%, 95% and 70% for 5 minutes) before being washed in 0.1 mol/L PBS (3 x 5 

min). Antigen retrieval was performed using the citrate buffer (dH20 450 mL, citric acid 0.1 M 

8 mL and sodium citrate 0.1 M 42 mL, brought to a pH of 6) pressure cooker method (EMS 

Antigen 200 Retriever, Emgrid, Australia), with samples allowed to reach ~120°C at high 

pressure, boiled for 2 minutes, then cooled for 2 hours and washed in PBS (3 x 5 min). This 

was followed by endogenous peroxidise quenching in 1 % H202 in methanol (or PBS for anti-

Olig-2) for 30 minutes. Slides were blocked with 3% NGS or 3% NHS depending on the 

secondary, for 1 hour at room temperature. Microglia were identified using anti-Iba1 antibody 

(Abcam Cambridge, MA, USA). Anti-olig-2 antibody (Millipore Corporation, Billerica, MA, 

USA) was used to identify oligodendrocytes. NeuN marker was used to identify neural cells 
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  Antibody      

  Primary Manufacture Cat no Concentration 

Neurons NeuN Millipore Corporation ABN90P 1/400 

Oligodendrocyte lineage Olig-2 Millipore Corporation AB9610 1/200 

Mature oligodendrocytes CNPase Millipore Corporation MAB326 1/200 

Myelin MBP Millipore Corporation MAB382 1/200 

Astrocytes GFAP Abcam Cambridge Ab4648 1/200 

Microglia IBA-1 Abcam Cambridge Ab178680 1/200 

hAECS STEM121 Stem Cells inc.  AB-121-U-050 1/200 

Synaptopysin synapses Millipore Corporation MABN363 1/200 

Proliferation Ki67 Dako M7249 1/200 

Apoptosis  cleaved caspase 3 Chemicon Asp175 1/200 

TNFα anti TNFα AbD Serotec MCA1488 1/200 

 

Secondary biotinylated  

monoclonal IgG Manufacturer 

 

Concentration 

 

Anti-mouse  Vector Laboratories BA-9200  1/200 

  Anti-rabbit Vector Laboratories BA-1000 1/200 

  Anti-goat Vector Laboratories BA-1500 1/200 

 

Table 2 Antibodies; List of antibodies used, including manufacturer and concentration. 

Millipore Corporation, Billerica, MA, USA, Abcam Cambridge, MA, USA, Stem Cells inc. 

Newark, CA, USA, Dako, Carpinteria, CA, USA, Chemicon, temecula, CA, USA, AbD 

Serotec, Pucheim, Germany, Vector Laboratories, Burlingame, Calif, USA. 

 

(Millipore Corporation, Billerica, Mass., USA). Ki-67 (Dako, Carpinteria, CA, USA) was used 

for the identification of proliferation. Human stem cell marker STEM121 (Stem Cells inc. 

Newark, CA, USA) was used for the identification of hAECs. Secondary antibodies used were 

biotinylated, monoclonal anti-rabbit or anti-mouse IgG antibody (Vector Laboratories, 

Burlingame, Calif, USA). Staining was revealed using ExtrAvidin incubated for 2 hours 

(Sigma Aldrich Pty. Ltd.) and DAB until staining was sufficiently dark (Sigma Aldrich Pty. 

Ltd.). See Table 2 for full antibody details.  
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Figure 2.6 Brain areas assessed with immunolabeling. 

Areas assessed in the cortex (red), white matter (blue), hippocampus (orange), thalamus 

(green) and striatum (brown). Red shaded areas represent regions examined for hAECs. 

Photomicrographs 

Photomicrographs were taken under light microscopy at 40x or 20x magnification (Nikon 80i 

microscope with NIS Elements Br 4.0 software, Nikon Instruments Inc., Melville, N.Y., 

U.S.A.). Cells were counted from three fields in the white matter; the first intragyral white 

matter (IGWM1), second intragyral white matter (IGWM2) and periventricular white matter 

(PVWM), as well as three fields in the cortex; the first and second parasagittal gyri 1PSG and 

2PSG respectively and the lateral cortex (LC). Further three areas in the hippocampus cornu 

ammonis1/2, and 3 (CA1/2 and CA3) and the dentate gyrus (DG) as well as five fields in the 

striatum and five in the thalamus, in both hemispheres, were assessed (for details see Figure 

2.6). 

ELISA 

ELISAs were performed for IL-6 and IL-10 in short 96 well ELISA plates. Plates were coated 

overnight with capture antibody, monoclonal anti-ovine IL-6 (5047P Epitope tech pty Ltd) and 

monoclonal anti-bovine IL-10 (CC318 Serotec MCA2110), respectively, in coating buffer. 

Standards were made with dilutions of recombined ovine IL-6 (Protein express CSI-001L6) 

and IL-10 (G Entrican moredum, Scotland). 200 μL of plasma was applied per well and left at 

room temperature for 2 h and washed off. 100 μL of Rabbit anti IL-6 (1138 Epitope tech) or 

mouse anti bovine IL-10 (CC320 Serotec MCA211B) at 1:500 dilution was incubated for 1 

hour at room temperature before being washed again, and 100 μL conjugate (stredtavidin 
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HRP, Dako PO397) at 1:5000 was added for 30 minutes at room temp. After washing, 100 μL 

TMB Substrate Solution was added to the wells and incubated in the dark at room temp for 20-

30 minutes, at which point 50 μL of sulphuric acid stop solution was added. The plates were 

read at 450 nm within 30 minutes. 

Data processing 

The physiological data analysis was performed offline using customised Labview programmes 

(Labview, National Instruments, Austin, TX), using the 24 hours prior to occlusion as the 

baseline period. After adjusting to baseline, differences between groups were determined by 

repeated measures ANOVA (SPSS version 22, SPSS Inc., Chicago, Illinois, USA). Where a 

significant overall effect of group or an interaction between group and time was found, 

between and within-group comparisons were performed by univariate analysis with 

appropriate post-hoc correction. Statistical significance was accepted at P<0.05. Data are 

presented mean ± SEM.  

The next chapters detail the studies I undertook. Note that the figure and table numbers for the 

published paper are not as published, but rather sequential within the thesis.  

  



Chapter 3: Acute-on-Chronic LPS and Asphyxia  

 

76 

 

Chapter 3: Synergistic white matter 
protection with acute-on-chronic endotoxin 
and subsequent asphyxia in preterm fetal 
sheep 

Lotte G. van den Heuij,1 Sam Mathai,1 Joanne O. Davidson,1 Christopher A. Lear,1 Lindsea C. Booth,1 Mhoyra 

Fraser,1,2 Alistair J. Gunn,1 Laura Bennet.1 
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Preface  

Preterm infants often suffer deleterious events in the perinatal period. Both 

inflammation/infection, as well as asphyxia are leading causes of brain damage in infants born 

preterm. Whether the combination of inflammation and asphyxia leads to more severe injury 

or indeed desensitize the brain to a secondary hit is still controversial in the literature and 

seems to be dependent on the age of the subjects as well as the timing of infection and insult in 

relation to each other. This is an unaltered version of the manuscript published in J 

Neuroinflammation. 2014 May 16. doi:  10.1186/1742-2094-11-89 

 

http://dx.doi.org/10.1186%2F1742-2094-11-89
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Abstract 

Background. Perinatal asphyxia and exposure to intrauterine infection are associated with 

impaired neurodevelopment in preterm infants. Acute exposure to non-injurious 

infection/inflammation can either protect or sensitize the brain to subsequent hypoxia-

ischaemia. However, the effects of subacute infection/inflammation are unclear. In this study 

we tested the hypothesis that acute-on-chronic exposure to lipopolysaccharide (LPS) would 

exacerbate white matter injury after subsequent asphyxia in preterm fetal sheep.  

Methods. Fetal sheep at 0.7 gestational age (GA) received a continuous LPS infusion at 100 

ng/kg for 24 hours, then 250 ng/kg/24 hours for 96 hours, plus 1 µg boluses of LPS at 48, 72 

and 96 hours or the same volume of saline. 4 hours after the last bolus complete umbilical cord 

occlusion or sham occlusion was induced for 15 minutes. Sheep were killed 10 days after the 

start of infusions. 

Results. LPS exposure was associated with induction of microglia and astrocytes and loss of 

total and immature/mature oligodendrocytes (n=9) compared to sham controls (n=9). 

Umbilical cord occlusion with saline infusions was associated with induction of microglia, 

astrogliosis and loss of immature/mature oligodendrocytes (n=9). LPS exposure before 

asphyxia (n=8) was associated with significantly reduced microglial activation and astrogliosis 

and improved numbers of immature/mature oligodendrocytes compared to either LPS 

exposure or asphyxia alone.  

Conclusions. Contrary to our initial hypothesis, the combination of acute-on-chronic LPS with 

subsequent asphyxia reduced neuroinflammation and white matter injury compared with either 

intervention alone. 

Introduction 

Preterm birth occurs in 5 to 10% of all live births and is associated with considerable risk of 

long-term neurodevelopmental disability.6 The precise causes of long-term maldevelopment 

are controversial, but there is increasing evidence that even diffuse injury in the white matter 

tracts is associated with astrocytosis and maturational arrest of oligodendrocytes at post-

mortem, and long-term neurobehavioral disturbances and intellectual disabilities.26, 273 

Exposure to perinatal hypoxia-ischaemia (HI) or infection/inflammation are both associated 
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with adverse neural outcomes in preterm infants,45-48 and there is highly suggestive evidence 

that the combination of infection/inflammation and HI may be particularly deleterious.71  

Supporting this, there is strong evidence in neonatal rodents that injection of a non-damaging 

dose of gram negative lipopolysaccharide (LPS) given either within 6 hours or more than 72 

hours before HI can dramatically increase white and grey matter injury.217-220, 813 In contrast, 

injection of LPS at intermediate times such as 24 hours before HI reduced subsequent neural 

injury i.e. preconditioned the brain.219, 221, 222 There is evidence that dose as well as timing is 

important, since whereas low-dose LPS reduced damage from subsequent HI 24 hours later, 

higher dose LPS (0.3 mg/kg) was associated with increased inflammation and mortality.222 

There are few data in large animals. In preterm fetal sheep, high-dose LPS (50 g/kg) given 1 

hour before occlusion of the maternal aorta for 2 minutes impaired circulatory centralization 

and cerebral oxygen delivery, with increased mortality.223 It is striking though, that these 

studies have all involved single boluses of LPS. In modern neonatal care, subclinical infection 

is more common than acute severe sepsis and yet is also associated with adverse outcomes.46, 

47 

We have recently reported that in preterm fetal sheep 48 hours exposure to a low-dose chronic 

infusion of LPS, that did not cause any hemodynamic disturbance, before three boluses of 

high-dose LPS 24 hours apart significantly reduced mortality and attenuated the nadir of 

hypotension after the LPS boluses.208, 227 This paradigm of acute-on-chronic LPS was 

associated with a fetal inflammatory response and white matter injury. The effect of such 

ongoing exposure to infection on the susceptibility of the immature brain to subsequent HI is 

unknown. 

In this study, we tested the hypothesis that acute-on-chronic inflammation would sensitize the 

developing brain to a subsequent period of asphyxia,814 induced by 15 minutes of umbilical 

cord occlusion in preterm fetal sheep at 0.7 GA. This duration of asphyxia is associated with 

moderate neural injury,814 and was chosen to allow scope to show modulation of injury by 

LPS. In view of the evidence discussed above that a 4 hour delay after acute LPS exposure 

typically increases HI injury in neonatal animals,219 asphyxia was induced 4 hours after the 

last bolus of high-dose LPS. We have previously shown that a similar paradigm of acute-on-

chronic LPS exposure was associated with more rapid chemoreflex adaptation to umbilical 

cord occlusion and did not compromise fetal hemodynamic adaptation.227 The neural 

maturation of 0.7 ga fetal sheep is broadly equivalent to 28-32 weeks of human 

development.785 
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Methods 

Animal surgery 

We have previously reported the cardiovascular, hemodynamic and white matter changes in an 

overlapping subset of sham controls and LPS treated animals.208 All procedures were approved 

by the Animal Ethics Committee of the University of Auckland. In brief, 35 time-mated 

Romney/Suffolk fetal sheep were instrumented using sterile technique at 97-98 days g.a. (term 

is 145 days). Food, but not water was withdrawn 18 hours before surgery. Ewes were given 1 

mL/10 kg oxytetracycline (200 mg/mL, Phoenix Pharm Distributors ltd., Auckland, NZ) 

intramuscularly for prophylaxis 30 minutes before the start of surgery. Ewes were anesthetized 

by intravenous injection of propofol (5 mg/kg, AstraZeneca Limited, Auckland, NZ), followed 

by 2-3% isoflurane in oxygen. The depth of anaesthesia, maternal respiration was constantly 

monitored by trained anaesthetic staff. Ewes received a constant infusion isotonic saline drip 

(at an infusion rate of approximately 250 mL/h) to maintain fluid balance. 

Following a maternal midline abdominal incision and exteriorization of the fetus from the 

uterus, one femoral and one brachial artery and brachial vein were catheterized with polyvinyl 

catheters to allow for mean arterial blood pressure monitoring and preductal blood sampling 

and infusions. An amniotic catheter was secured to the fetal shoulder. Electrocardiogram 

(ECG) electrodes (Cooner Wire Co., Chatsworth, California, USA) were sewn across the fetal 

chest to record fetal heart rate. An inflatable silicon occluder was placed around the umbilical 

cord (In Vivo Metric, Healdsburg, CA, USA). The uterus was then closed. Antibiotics (80 mg 

Gentamicin, Pharmacia and Upjohn, Rydalmere, New South Wales, Australia) were 

administered into the amniotic sac. The maternal laparotomy skin incision was infiltrated with 

a local analgesic, 10 mL 0.5% bupivacaine plus adrenaline (AstraZeneca Ltd., Auckland, NZ). 

All fetal catheters and leads were exteriorized through the maternal flank. The maternal long 

saphenous vein was catheterized for post-operative maternal care and euthanasia.  

Post-operative care 

Sheep were housed together in separate metabolic cages with access to food and water ad 

libitum. They were kept in a temperature-controlled room (16 ± 1°C, humidity 50 ± 10%), in a 

12 hour light/dark cycle. Antibiotics were given daily for four days i.v. to the ewe (600 mg 

benzylpencillin, Novartis Ltd, Auckland, NZ, and 80 mg Gentamicin, Pharmacia and Upjohn). 

Fetal catheters were maintained patent by continuous infusion of heparinized saline (20 U/mL 

at 0.15 mL/h) and the maternal catheter maintained by daily flushing. 
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Experimental design  

Experiments started 5 days after surgery at g.a.102 ± 0 days. Fetuses were randomized into 4 

experimental groups: (1) Chronic saline infusion and saline boluses plus sham asphyxia (Sal-

Sham; n= 9). (2) Chronic LPS infusion plus 3x LPS boluses followed by sham asphyxia (LPS-

Sham; n = 9). (3) Chronic saline infusion and saline boluses plus asphyxia for 15 minutes (Sal-

Asp; n = 9). (4) Chronic LPS infusion plus 3x LPS boluses plus asphyxia (LPS-Asp; n = 8). 

LPS was dissolved in saline and infused at a rate of 100 ng/24 hours for the first 24 hours then 

increased to 250 ng/24 hours for the next 96 hours. LPS/Saline boluses (1 µg/mL) were given 

at 48, 72 and 96 hours after the start of infusions.  

Asphyxia was induced by rapid inflation of the silicon occluder for 15 minutes, with a volume 

of saline known to completely occlude the umbilical cord, 4 hours after the 3rd saline/LPS 

bolus. Successful occlusion was confirmed by rapid onset of bradycardia and by subsequent 

changes in pH and blood gases.166, 814 

Fetal arterial blood samples were collected daily from -24 hours, plus 6 hours after LPS 

boluses. During umbilical cord occlusion, fetal arterial blood was additionally taken at 5 and 

12 minutes during occlusion and 10 minutes after occlusion. Blood samples were analyzed for 

pH, blood gases (Ciba-corning Diagnostics 845 Blood Gas Analyzer/Co-oximeter, MA, USA) 

and glucose/lactate measurements (YSI 2300, Yellow Springs Instruments, Yellow Springs, 

OH, USA). Additional plasma was collected for cytokine and cortisol measurements. 

Fetal cytokine measurements 

Cytokine levels in the plasma were measured using in-house enzyme-linked immunosorbent 

assays (ELISA).208 IL-6 was detected using antibodies specific to ovine IL-6 (Epitope 

Technologies, Melbourne, Australia). Standards were ovine recombinant IL-6 (Protein 

Express, Cincinnati, OH, USA). The standard series ranged from 0-5 ng/mL. The assay 

sensitivity was 0.097 ng/mL and internal quality controls were included in each assay. 

Cytokine concentrations were within the detection limit in all samples. IL-10 was detected 

using antibodies specific to the bovine species (AbD Serotec, Oxford, UK).208 Standards used 

were recombinant bovine IL-10 (kindly supplied by Prof. G. Entrican, Moredun Research 

Institute, Scotland) and ranged from 0 to 11 BU/mL with a detection sensitivity of 0.086 

BU/mL. 
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Fetal cortisol 

Fetal plasma cortisol levels were measured using triple quadrupole mass spectrometry. 208 100 

µL of internal standard (20 ng/mL cortisol-d4 in water) was added to 200 µL plasma. Steroids 

were extracted using 1 mL of ethyl acetate (Merck KGaA Darnstadt, Germany). After removal 

of the organic supernatant, samples were dried by vacuum concentration (Savant SC250EXP, 

Thermo Scientific, Asheville, NC, USA), re-suspended in 60 µL of mobile phase 72% 

methanol (Merck) and 28% water, and transferred to HPLC injector vials. 12 µL was injected 

onto an HPLC mass spectrometer system consisting of an Accela MS pump and autosampler 

followed by an Ion Max APCI source on a Finnigan TSQ Quantum Ultra AM triple 

quadrapole mass spectrometer all controlled by Finnigan Xcaliber software (Thermo Electron 

Corporation, San Jose, CA, USA). The mobile phase was isocratic, flowing at 250 µL/min 

through a Luna HST 2.6 µm C18 (2) 100 x 3.0 mm column at 40ºC (Phenomenex, Auckland, 

NZ). Retention time was 3.1 minutes for both cortisol and cortisol-d4. Ionization was in 

positive mode and Q2 had 1.2 mTorr of argon. The mass transitions followed were: cortisol-d4 

367.2  121.2 at 28 V and cortisol 363.2  122.2 at 28 V. Mean inter- and intra-assay CV 

values for cortisol were 5.8% and 6.0% respectively.  

Post mortem and tissue preparation 

Ewes were euthanized after day 10 with maternal i.v, sodium pentobarbitone (9 g, Pentobarb 

300, Chemstock international, Christchurch, NZ). Fetuses were quickly removed from the 

uterus and brains perfusion fixed in situ with 500 mL saline followed by 10 % neutral buffered 

formalin by gravity feed and post fixed in formalin for 1 week before processing and paraffin 

embedding. 10 µm coronal sections were cut at the level of mid striatum (~17 mm anterior to 

stererotaxic zero, shown in Figure 3.1) and hippocampus (~26 mm anterior to stereotaxic zero) 

for immunohistochemistry.815  
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Figure 3.1 White matter areas assessed with immunolabeling  

Photomicrographs of coronal sections of fetal sheep brain showing the white matter 

regions analysed in this study 1) periventricular white matter, 2) intragyral white matter. 

Scale bar = 2.5 mm. 
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Immunohistochemistry 

Deparaffinised and rehydrated sections were antigen retrieved in citrate buffer (pH 6.0) for 20 

minutes using a pressure cooker method (2100Retriever, Prestige Medical Ltd; Blackburn, 

UK). Phosphate-buffered saline (PBS) washed sections were then treated with 1% hydrogen 

peroxide (H2O2) in methanol for 30 minutes in the dark for quenching endogenous peroxidase 

activity. Blocking was done with 3% goat/horse serum in PBS for 1 hour at room temperature 

(RT). Primary and secondary antibodies were diluted in 3% goat/horse serum in PBS. Sections 

were incubated with primary antibodies at 4C overnight for immunohistochemical labeling as 

follows: 

Reactive microglia were labelled with 1:200 goat anti-ionized calcium binding adapter 

molecule-1 antibody (Iba-1, Abcam, Sapphire Bioscience Ltd., Auckland, NZ), cells 

expressing inflammatory cytokines were labelled with 1:200 monoclonal mouse anti-tumor 

necrosis factor-α (TNF-α, Abacus ALS, Auckland, NZ), reactive astrocytes labelled with 

1:500 mouse anti-glial fibrillary acidic protein (GFAP, Chemicon International Inc., 

Temecula, CA, USA), cells undergoing apoptosis with 1:200 rabbit anti-caspase-3 ASP175 

(Cell Signalling Technology, Danvers, MA, USA), immature/mature oligodendrocytes were 

labelled with 1:200 mouse monoclonal anti-2’, 3’-cyclic nucleotide 3’-phosphodiesterase 

(CNPase, Chemicon International Inc.). 1:200 rabbit anti-Oligodendrocyte transcription factor-

2 (Olig2, Merck-Millipore, Manukau City, NZ) was used as a marker of all cells in the 

oligodendrocyte lineage.253 After overnight incubation with corresponding secondary 

antibodies (1:200) at 4°C followed by 1:200 ExtrAvidin (Sigma-Aldrich Pty. Ltd., Auckland, 

NZ) at room temperature for 3 hours, sections were treated with SIGMAFASTTM 3,3’ 

diaminobenzidine (DAB, Sigma-Aldrich Pty.) to visualize immunoreactivity and mounted 

with DPX (Sigma-Aldrich Pty.). Negative controls were run in parallel. 

Assessment of brain injury 

Inflammatory responses, CNPase and Olig2 positive oligodendrocytes and apoptotic cells 

were quantified in the periventricular white matter (PVWM) and intragyral white matter 

(IGWM) of the first parasagittal gyrus by investigators masked to the study groups. The area 

of microglia infiltration and cell counts were measured by light microscopy with Nikon 80i 

light microscope (Scitech ltd, Preston, Victoria, Australia), using StereoInvestigator software 

(v10, Microbrightfield Bioscience (MBF), Williston, VT, USA). 

Sampling was undertaken using stereological principles by tracing the contour of the region of 

interest and then randomly translating a grid on the image and applying a fractionator probe 
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with a counting frame for object exclusion/inclusion at 40 x magnification. 30 sites were 

screened per slide (counting frame size 100x100 μm) and all the estimated cell counts were 

converted to cell density (cells/mm2) by the equation; estimated total counts by fractionator / 

contour area (µm2) x 106. In the case of cells undergoing apoptosis, manual counting was done 

using the entire region. Values for the left and right hemispheres and for the two histological 

levels per animal were averaged. 

Data Analysis and Statistics 

Data were compared between groups using ANOVA and LSD post-hoc tests when a 

significant effect of group was found (SPSS v22, SPSS Inc., Chicago, IL, USA). For analysis 

of immune-histochemical findings, region was treated as a repeated measure. Statistical 

significance was accepted at p < 0.05. Data are mean ± standard error of the mean (SEM). 
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Results 

There was no mortality in any of the experimental groups. The LPS-Asp group had lower 

body weights than the other groups, Sal-Sham 2.10 ± 0.09 kg, LPS-Sham 2.27 ± 0.09 kg, Sal-

Asp 2.22 ± 0.10 kg vs. LPS-Asp 1.82 ± 0.08 kg (P<0.01). There was no significant difference 

in brain weight between any of the groups, Sal-Sham 29.7 ± 2.3 g vs. LPS-Sham 27.2 ± 1.1 vs. 

Sal-Asp 30.4 ± 1.4 vs LPS-Asp 28.2 ± 2.0 g. 

Fetal blood composition 

There were no significant differences in baseline pH, blood gas, glucose or lactate 

measurements between groups (Table 3). Chronic LPS infusion was not associated with any 

significant differences between groups, except for an increase in glucose in the Sal-Sham 

group on day two (P<0.05). The first LPS bolus was associated with a significant reduction in 

glucose in both LPS exposed groups compared to both the Sal-Sham and Sal-Asp groups 

(P<0.05). The second LPS bolus was associated with a significant increase in lactate in the 

LPS-Sham group compared to the Sal-Sham group following the third bolus and period of 

asphyxia (P<0.05). There was a significant increase in lactate in both asphyxia groups and a 

significant increase in glucose in the Sal-Asp group compared to Sal-Sham (P<0.05, Table 4). 

All changes resolved by day 6.  
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S-S = Sal-Sham (saline infusion + saline boluses + sham occlusion); L-S = LPS–Sham (LPS infusion + LPS boluses + sham occlusion); S-A = Sal-Asp (Saline 

infusion + saline boluses + 15 minutes of umbilical cord occlusion); L-A = LPS-Asp (LPS infusion + LPS boluses + 15 minutes of umbilical cord occlusion). 

Saline or LPS infusions were started on day 1; boluses of saline or LPS were given on days 3, 4 and 5. Data during umbilical cord occlusion performed on day 

5, 4 h after the last LPS or saline bolus are shown in Table 4. The chronic low-dose LPS or saline infusion continue from time zero to the end of day 5. Days 7-

10 are not shown as there were no differences between groups at those times. paCO2, fetal arterial pressure of CO2; paO2, fetal arterial pressure of oxygen. Data 

are Mean±SEM, * P < 0.05 vs. Sal-Sham, # P < 0.05 vs. LPS-Sham, § P < 0.05 vs. Sal-Asp. 

 

Table 3 Arterial pH, blood gases, and glucose and lactate levels 
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Arterial pH, blood gases, lactate and glucose values before, 5 and 12 minutes during and 10 

minutes after the end of 15 min of umbilical cord occlusion in fetal sheep receiving either 

saline or LPS infusions. S-A = Sal-Asp (Saline infusion + saline boluses + 15 minutes of 

umbilical cord occlusion, n = 9); L-A = LPS Sham (LPS infusion + LPS boluses + 15 

minutes of umbilical cord occlusion, n = 8), paCO2, fetal arterial pressure of CO2 (mmHg); 

paO2, fetal arterial pressure of oxygen (mmHg). Data are Mean±SEM, § P < 0.05 vs. Sal-

Asp. 

 

 

 

Table 4 Arterial pH, blood gases, glucose and lactate levels
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Oligodendrocytes 

LPS-Sham treatment was associated with a significant reduction in the number of CNPase 

positive oligodendrocytes in the PVWM and IGWM (P<0.05, Figures 3.2 & 3.3). Sal-Asp was 

associated with a significant overall loss of CNPase positive oligodendrocytes compared to 

Sal-Sham; post-hoc tests suggested that there was a significant reduction in the IGWM (P < 

0.05), but not in the PVWM. Morphologically, many CNPase positive oligodendrocytes in the 

LPS-Sham and Sal-Asp groups showed a reduction in the number of processes and axonal 

contacts (Figure 3.3). In contrast, the LPS-Asp group was not significantly different from Sal-

Sham, with significantly more CNPase positive oligodendrocytes than LPS-Sham in both 

regions overall (P<0.01). 
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Figure 3.2 Bar graphs of WM immunolabeling   

Bar graphs showing CNPase positive cells in the periventricular white matter (PVWM) (A) and 

intragyral white matter (IGWM) (B), Olig2 positive cells in the PVWM (C) and IGWM (D), 

Iba-1 positive cells and glial fibrillary acidic protein (GFAP) (E) in the PVWM (F), Tumour 

necrosis factor (TNF)- positive (G) and caspase-3 positive cells in the PVWM (F). P values: * 

< 0.05, ** < 0.01, *** < 0.001 compared to Sal-Sham controls, # P < 0.05 compared to LPS-

Sham, § P < 0.05 compared to Sal-Asp. Data are Mean±SEM. 
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Figure 3.3 Photomicrographs of WM immunolabeling 

Photomicrographs showing CNPase immunolabeling (A-D), and cleaved caspase-3 

(ASP175) immunolabeling (E-H) in the PVWM in Sal-Sham (row 1; A, E), LPS-Sham 

(row 2; B, F), Sal-Asp (row 3; C, G) and LPS-Asp (bottom; D, H). Arrows show examples 

of labelled cells. Note the reduction in CNPase-positive cells and increase in activated 

caspase-3 labelling after LPS-Sham and Sal-Asp; surviving CNPase positive cells show 

stunted processes. LPS-Asp treatment was associated with recovery of CNPase positive 

immature/mature oligodendrocytes to Sal-Sal values, and reduced numbers of activated 

caspase-3 positive cells compared with Sal-Asp but not LPS-Sham. Scale bar = 20µm 
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LPS-Sham was associated with a significant reduction in numbers of Olig2-positive 

oligodendrocytes in the IGWM (P<0.05 vs Sal-Sham, Figures 3.2) but not PVWM. Sal-Asp 

and LPS-Asp were associated with a significant increase in Olig2-positive oligodendrocytes 

compared to Sal-Sham (P<0.05). Further, both Sal-Asp (P<0.05) and LPS-Asp (P<0.01) were 

associated with increased numbers of Olig2-positive oligodendrocytes compared to LPS-

Sham. 

Apoptotic cell death in PVWM 

There was a significant increase in the number of activated caspase 3 positive apoptotic cells 

in the PVWM in the LPS-Sham group compared to Sal-Sham (P<0.01, Figures 3.2 & 3.3). 

Sal-Asp was associated with greater numbers of caspase-3 positive cells than all other groups 

(P<0.001 vs Sal-Sham). In contrast, the LPS-Asp group showed reduced numbers of caspase 3 

positive cells compared to Sal-Asp, but was similar to the LPS-Sham group and still increased 

compared to Sal-Sham. 

Iba-1 positive-microglia 

Ramified microglia were predominantly present in the PVWM of Sal-Sham controls. LPS 

treatment and occlusion were independently associated with increased numbers of reactive 

microglia, with larger cell bodies and thicker processes, with patchy infiltration of the white 

matter tracts (Figures 3.2 & 3.3). The area of the PVWM showing reactive microglial 

infiltration was significantly greater (P<0.001) in the LPS-Sham, Sal-Asp and LPS-Asp 

groups compared to Sal-Sham (Sal-Sham 1.3±1.2%; LPS-Sham 15.5±1.0%; Sal-Asp 

19.6±5.0% and LPS-Asp 12.9±5.8%). Consistent with this, LPS-Sham and Sal-Asp were both 

associated with a significant increase in numbers of microglia in the PVWM compared to Sal-

Sham (P<0.001). In contrast, LPS-Asp was associated with reduced microglial induction 

compared to LPS-Sham and Sal-Asp (P < 0.001, Figures 3.2 & 3.4). 
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Figure 3.5 photomicrographs of associated immunolabeling 

Photomicrographs showing glial fibrillary acidic protein (GFAP) (1st column; A-D), Iba-1 

(2nd column; E-H), and tumour necrosis factor (TNF)-α immunolabeling (3rd column; I-L) 

in the PVWM in Sal-Sham (row 1, A, E, I), LPS-Sham (row 2; B, F, J), Sal-Asp (row 3; C, 

G, K) and LPS-Asp (bottom; D, H, L). Arrows show examples of labelled cells. Note the 

robust induction of Iba-1 positive reactive microglia and GFAP positive reactive astrocytes 

after LPS-Sham treatment and Sal-Asp treatment, which was significantly attenuated in the 

LPS-Asp group. The LPS-Asp group showed astrocytes with thinner bodies and fewer 

processes than LPS-Sham and Sal-Asp. Scale bar = 20µm. 
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Astroglial responses in the PVWM 

LPS-Sham and Sal-Asp were associated with increased astrogliosis compared to Sal-Sham 

(P<0.01, Figures 3.3 & 3.5). In contrast, there was a significant reduction in reactive astrocytes 

in the LPS-Asp group compared to LPS-Sham and Sal-Asp (P<0.05). 

Induction of TNF-α 

LPS-Sham and Sal-Asp were both associated with a significant increase in the number of cells 

expressing TNF-α in the PVWM (P<0.001, Figures 3.3 & 3.5) compared to Sal-Sham. The 

number of TNF-α positive cells was reduced in the LPS-Asp group compared to Sal-Asp 

(P<0.001). 

Cytokine and cortisol analysis 

Low-dose, chronic LPS administration was associated with a transient increase in IL-10 in the 

LPS-Sham group compared to the Sal-Sham group (P<0.05, Figure 3.6). The first LPS bolus 

was associated with a significant increase in IL-6 in the LPS-Sham group compared to all 

other groups (P<0.05) and an apparent trend to an increased in the LPS-Asp group compared 

to Sal-Asp (P=0.09). A significant increase in IL-10 was seen in the LPS-Asp group compared 

to Sal-Sham and Sal-Asp and in the LPS-Sham group compared to the Sal-Sham and Sal-Asp 

groups (P<0.05). The first bolus was also associated with a significant increase in cortisol 

levels in the LPS-Sham and a significantly greater increase in the LPS-Asp groups compared 

to Sal-Sham (P<0.05). A similar increase in cortisol was seen for the second and third LPS 

boluses. A significant increase in cortisol was seen following asphyxia in the LPS-Asp group 

compared to all other groups. There were no further significant changes in IL-6 or IL-10 with 

the second and third bolus, other than a significant increase in IL-10 in the LPS-Asp group 

compared to Sal-Asp with the third bolus, prior to the onset of asphyxia (P<0.05). There were 

no differences between the Sal-Sham and Sal-Asp groups at any time point. 
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Figure 3.6 Time sequence of changes in fetal plasma  

IL-6, IL-10 and cortisol concentrations with acute on chronic LPS administration and 15 

minutes of complete umbilical cord occlusion in the Sal-Sham, LPS-Sham, Sal-Asp and 

LPS-Asp groups respectively. Data were not available in the LPS-Sham group for the 11 

a.m. time point on day five. Data are Mean±SEM. *P < 0.05. A Sal-Sham vs LPS-Sham; B 

Sal-Sham vs LPS-Asp; C LPS-Sham vs Sal-Asp; D LPS-Sham vs LPS-Asp; E Sal-Asp vs 

LPS-Asp. 
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Discussion 

This study has demonstrated that acute-on-chronic LPS administration conditioned the 0.7 

gestation preterm fetal sheep brain to reduce white matter injury from subsequent asphyxia. 

Intriguingly, this study also showed for the first time that asphyxia also conditioned the brain 

to reduce brain injury from preceding LPS exposure. Acute-on-chronic LPS administration 

was associated with significant loss of immature/mature oligodendrocytes and marked neuro-

inflammation and astrogliosis.208 Complete umbilical cord occlusion for 15 minutes was 

associated with mild injury, including loss of immature/mature oligodendrocytes in the 

intragyral white matter and increased inflammation and astrogliosis. In contrast, animals 

exposed to both LPS and asphyxia showed marked attenuation of white matter inflammation 

and astrogliosis, with improved survival of immature/mature oligodendrocytes in the white 

matter compared to LPS exposure or asphyxia alone.  

The present findings add to evidence that there is substantial crossover in the mechanisms of 

infection and hypoxia-ischaemia related brain injury.816 In contrast with studies of single acute 

doses of LPS that typically suggest that prior exposure to LPS increases the severity of later 

HI injury, the present study suggests a protective effect. The most likely reason for this 

difference is that continued exposure to LPS induced both self-tolerance and cross-tolerance, 

as found in both the whole animal 816 and even in isolated monocytes after chronic or repeated 

exposure to endotoxin in vitro.199, 200 This difference from previous neonatal studies is unlikely 

to reflect earlier exposure alone, since Eklind et al., found marked sensitization when HI was 

induced 72 hours after exposure to LPS. Further, the present study used umbilical cord 

occlusion to induce a physiological insult with profound hypoxia, metabolic acidosis and 

hypotension, rather than carotid ligation with moderate hypoxia as used in neonatal rat studies. 

Nevertheless, adult rat studies have reported preconditioning with LPS before focal or global 

ischaemia.816 Finally, although we cannot rule out species differences, studies in adult rodents 

also suggest that LPS can protect against subsequent ischaemic insults induced 48 or more 

hours after LPS.816  

Both acute-on-chronic LPS and asphyxia were associated with an overall loss of 

immature/mature (CNPase-positive) oligodendrocytes in the white matter tracts, while LPS 

but not asphyxia was also associated with an overall reduction of total (Olig2-labelled) 

oligodendrocytes. Further, both LPS and asphyxia were associated with similar induction of 

microglia and astroglosis. However, when combined as in the present study, LPS and asphyxia 

were associated with mutual protection with significantly more immature/mature 
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oligodendrocytes and reduced inflammation and astrogliosis, and with a reduction in ongoing 

apoptosis compared with asphyxia alone.  

This combination of greater total numbers of oligodendrocytes after asphyxia with the 

reduction in immature/mature oligodendrocytes in the present study denotes a relative increase 

in numbers of pre-oligodendrocytes in the white matter tracts. The oligodendroglia 

proliferative response to injury is almost entirely mediated by progenitor cells 817. Thus, these 

data suggest reduced maturation into mature oligodendrocytes combined with significant 

proliferation of new pre-oligodendrocytes. This is consistent with data in the neonatal rat and 

the preterm fetal sheep that showed degeneration of pre-oligodendrocytes, which was offset by 

proliferation of pre-oligodendrocytes, however, these fail to mature after HI.276, 279 Similar 

evidence for maturational arrest of pre-oligodendrocytes is seen in human neonatal white 

matter injury at post-mortem.273 

In turn, the finding of extensive white matter astrogliosis in the present study is consistent with 

both clinical and experiemental studies 273, 276, 279 and with increasing evidence that reactive 

astrocytes actively inhibit oligodendrocyte maturation.26 In the present study the combined 

insult was unexpectedly associated with restoration of immature/mature oligodendrocytes to 

near-saline control values, with increased total oligodendrocyte number. The finding of 

reduced microglial induction and astrogliosis suggests that LPS pre-exposure reduced 

asphyxia-induced loss of pre-oligodendrocytes and that the combination attenuated the overall 

inflammatory reaction to both insults. Further long-term studies will be important to determine 

whether this arrest of maturation after 5 days recovery from asphyxia and the apparent 

improvement with LPS pre-exposure in the present study are persistent. 

Although many mechanisms have been implicated in both tolerance and senstization between 

infection/inflammation and HI, as seen in the present study, both insults are associated with a 

marked inflammatory response as shown here. The TLRs that mediate innate immune 

responses can also sense cell damage after ischaemia, and are present on neural microglia, 

oligodendrocytes and neurons, as recently reviewed.816 Self-induced tolerance to LPS is well 

recognized in many settings, and likely contributes to the greater cardiovascular tolerance and 

survival to high-dose LPS after chronic low-dose exposure as previously reported.208 

Alternatively, there is evidence that LPS can upregulate anti-inflammatory interferons in adult 

rodents.818 

The most intriguing aspect of this study is that protection against LPS-associated brain injury 

was seen when asphyxia was induced after the fetuses had received 3 high-dose boluses of 
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LPS, although before the end of the chronic low-dose infusion. This striking finding denotes 

that much of the LPS-induced damage evolved over the 6 days after the last high-dose bolus. 

There is evidence for such post-conditioning in other settings. For example, in adult mice, 

mild ischaemia induced immediately, 2 minutes or 3 hours after severe middle cerebral artery 

occlusion, was shown to be neuroprotective and associated with reduced inflammation.819 

Post-conditioning has also been shown to be neuroprotective in rodent models of global 

cerebral ischaemia, both in terms of a reduction in behavioural deficits and neuronal death in 

the hippocampus and parietal cortex.820 Previous experiments in rodent models suggest that 

the combination of preconditioning and post-conditioning offers no synergistic protection, 

likely due to overlapping mechanisms of action.821, 822 However, in these studies pre- and post-

conditioning were both induced by a similar insult i.e. ischaemia. In the current study, the 

synergistic neuroprotection may suggest different mechanisms of action for LPS induced pre-

conditioning and ischaemia post-conditioning.823 

Alternatively, it is possible that counter-regulatory responses may have contributed in part to 

conditioning. Neuroprotection with LPS administration 24 hours before HI in seven-day old 

rats was associated with upregulation of corticosterone and changes in gene expression, 

particularly those related to immune and inflammatory processes.824 In the current study there 

was a significant increase in plasma cortisol levels after asphyxia in the LPS-Asp group, which 

may have contributed to pre-conditioning. Further, we observed an increase in the anti-

inflammatory cytokine IL-10 before asphyxia. IL-10 can reduce hypoxia-induced hyper-

excitability in hippocampal slice neurons,825 and is an essential mediator of astroglial pre-

conditioning to mild oxidative stress in culture.826 Sevofluorane-induced post-conditioning of 

global cerebral ischaemia in the adult rat is associated with suppression of proinflammatory 

cytokines and increased IL-10.827 Similarly, global cerebral ischaemia in the adult rat was 

associated with increased proinflammatory cytokines and decreased IL-10, which was 

reversed by mild ischaemic preconditioning.828 Thus, it is possible that the combination of 

greater cortisol and anti-inflammatory cytokines may have contributed in part to the decreased 

microglial and astrocyte activation seen with the combination of LPS and asphyxia compared 

to either insult alone. 

In conclusion, this study highlights a novel phenomenon of synergistic neuronal and white 

matter protection with LPS-preconditioning and ischaemic post-conditioning in the preterm 

fetal sheep. Although exposure to infection/inflammation is associated with adverse outcomes, 

it may be relevant that prophylactic maternal antibiotics before preterm labor with intact 

membranes not only do not improve outcomes, but there is increasing evidence that they may 
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be associated with increased risk of death and disability.829 We speculate that in the context of 

the very high risks of neurodevelopmental impairment to which very preterm infants are 

exposed, that a little bit of inflammation may even be beneficial. Further studies of how the 

nature and timing of infection/inflammation modulate HI injury are needed to help understand 

their role in preterm brain injury.  
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Chapter 4: The effect of early hAEC 
treatment on post-asphyxial injury in the 
preterm fetal sheep 

Introduction 

Children born preterm, including those born moderately preterm, are at increased risk of both 

neonatal morbidities and neurodevelopmental impairment.6 Underpinning this are alterations 

in brain architecture, such as reduced grey and white matter volumes, altered cell structure and 

position, and microcystic lesions.623 Mechanisms mediating impaired brain development are 

multifactorial, but perinatal asphyxia is a significant contributor for many infants. 49, 830  

For infants born near-term therapeutic hypothermia (TH) is now the standard of care for 

perinatal HIE, this has reduced the mortality and morbidity in these infants significantly. 

However, despite a reduction in long term neurodevelopmental disability and mortality TH is 

not a cure all, with around 50% of infants not benefiting from this treatment.605, 831 In part, this 

reflects the timing of the insult, which may occur before birth, and thus by the time the baby is 

born, the brain has moved past the optimal window of opportunity for treatment.80, 605 Animal 

studies of hypothermia (as reviewed by Gunn et al., 832) show, that treatment should start early 

after the end of an insult, during the latent phase of recovery of oxidative metabolism, and that 

treatment delayed until the secondary phase is not neuroprotective.81, 832 Further, the optimal 

treatment duration for TH appears to be around three days.833 Mitochondrial failure, in the 

secondary phase, shifts the balance between repairable and irreparable cell death, and 

inflammation may play a key role.49, 605, 834  

Currently, TH is not considered safe for preterm infants.89 However, experimental studies in 

sheep have shown that not only is the evolution of injury similar in the preterm brain, 268, 344 

but TH provides both neuronal and white matter protection, 85, 87, 88 and similar effects have 

been observed in preterm neonatal rats.835 These data suggest that the latent phase is a window 

of opportunity for initiating neuroprotection. Beyond this we need to consider initiating 

treatments that may act to reduce the pathogenic cascade, including excessive inflammation, 

leading to irreparable cell death during the secondary phase. 

Stem-cells are increasingly being viewed as a possible treatment for HIE, and treatment 

efficacy derives from multiple effects including, the ability to promote proliferation, growth 
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and differentiation through release of trophic factors and chemokines to support host cell 

survival and development, and their ability to modulate the inflammatory responses, rather 

than replacing cells per se.120, 123, 624 While many different stem cells are currently being 

assessed clinically, hAECs have many benefits over other types of cells including being 

widely available, ethically acceptable, are immune privileged and non-tumorigenic.123, 125, 836-

838 

To date, there have been surprisingly few neuroprotective studies, with most studies 

evaluating delayed treatment. In an adult animal stroke model, hAEC treatment is associated 

with reduced brain swelling and improved motor function after intracerebral haemorrhage 

when given at an unspecified time close to haemorrhage induction.839 In near-term fetal sheep 

hAECs were given i.v. and or via the trachea at 0, 6 and 12 hours, relative to 

lipopolysaccharide (LPS, the major outer surface membrane component of Gram-negative 

bacteria) administration, and was associated with a significant reduction in microglial 

induction and neuronal and glial apoptosis. This suggests hAEC induced neuroprotection was 

potentially mediated via immunomodulation.126 A reduction in activated glia would also have 

the benefit of reducing other neurotoxins, including glutamate release,694, 698 which can 

directly injure cells,623 and which modulates seizure susceptibility and may exacerbate 

injury.420, 840 

Here we examined whether hAECs are neuroprotective when given during the latent phase of 

recovery, two hours after the end of an asphyxial insult in utero, known to cause white and 

grey matter injury in preterm fetal sheep at 0.7 of gestation.85, 86, 88, 114, 152 At this age, the fetal 

sheep brain development is broadly equivalent to 28-32 weeks gestation in humans.786 We 

hypothesised that early hAEC treatment would facilitate a reduction in pro-inflammatory and 

an increase in anti-inflammatory mediators, and this would be associated with improvement in 

histological outcome.  

Methods  

Women gave written, informed consent for the collection of their placentae, and all procedures 

conformed to the standards set by the Declaration of Helsinki. Human amnion epithelial stem 

cells were collected from the placentae of women with uncomplicated pregnancies undergoing 

elective caesarean section at term. Tissue collection was performed with approval from the 

Monash Health Human Research Ethics Committee, Monash, Melbourne, Australia.  
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All animal procedures were approved by the Animal Ethics Committee of the University of 

Auckland. Time-mated Romney/Suffolk fetal sheep were instrumented using sterile technique 

at 98-100 days ga (term is 145 days). 85, 86, 88, 114 Ewes were anesthetised by intravenous 

injection of propofol (5 mg/kg, AstraZeneca Limited, Auckland, NZ), followed by 2-3% 

isoflurane in oxygen. Ewes received a constant infusion isotonic saline drip during surgery, 

and 1 mL/10 kg oxytetracycline (200 mg/mL, Phoenix Pharm Distributors ltd., Auckland, NZ) 

i.m. for prophylaxis just prior to surgery. 

Following a maternal midline abdominal incision and exteriorization of the fetus from the 

uterus, one femoral and both brachial arteries and one brachial vein were catheterized with 

polyvinyl catheters to allow for mean arterial blood pressure monitoring and preductal blood 

sampling and infusions. An amniotic catheter was secured to the fetal shoulder. 

Electrocardiogram (ECG) electrodes (Cooner Wire Co., Chatsworth, California, USA) were 

sewn across the fetal chest to record fetal heart rate. An inflatable silicon occluder was placed 

around the umbilical cord (In Vivo Metric, Healdsburg, CA, USA). An ultrasonic flow probe 

(3S type, Transonic Systems Inc., NY, USA) was placed around the right carotid artery as to 

provide an index of cephalic blood flow.841, 842 Two pairs of electrodes were implanted 

biparietally to record brain electroencephalographic (EEG) activity and seizures, a pair of 

impedance electrodes were placed 5 mm lateral of the EEG to measure cortical impedance 

(Cooner Wire Co.). The uterus was then closed. Antibiotics (80 mg Gentamicin, Pharmacia 

and Upjohn, Rydalmere, New South Wales, Australia) were administered into the amniotic 

sac. The maternal laparotomy skin incision was infiltrated with a local analgesic, 10 mL 0.5% 

bupivacaine plus adrenaline (AstraZeneca Ltd., Auckland, NZ). All fetal catheters and leads 

were exteriorized through the maternal flank. The maternal long saphenous vein was 

catheterized for post-operative maternal care and euthanasia.  

Post-operative care 

Sheep were housed together in separate metabolic cages with access to food and water ad 

libitum. They were kept in a temperature-controlled room (16 ± 1°C, humidity 50 ± 10%), in a 

12 hour light/dark cycle. Antibiotics were given daily for two and four days i.v. to the ewe 

(600 mg benzylpencillin, Novartis Ltd, Auckland, NZ, and 80 mg Gentamicin, Pharmacia and 

Upjohn). Fetal catheters were maintained patent by continuous infusion of heparinised saline 

(20 U/mL at 0.15 mL/h) and the maternal catheter maintained patent by daily flushing. 
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Experimental design  

Asphyxia was induced at 104/105 days gestation by 25 minutes of complete umbilical cord 

occlusion started between 9 and 9.30 am. 344 Fetuses were randomly assigned to the following 

groups: Sham-sham group (n=8), asphyxia-vehicle group (n=8), asphyxia-hAEC group (n=8). 

hAECs were given 2 hours after occlusion, PBS or hAECs were infused into the lateral 

ventricle over 20 min (0.05 mL/h) and the catheter dead-space (1mL) cleared over a further 20 

min with an infusion of artificial cerebrospinal fluid. 

Fetal arterial blood samples were collected at 1 hour before, 5 and 17 minutes during, and 1, 2, 

4 and 6 hours after  UCO, and then daily thereafter between 8-9 am, for measurement of fetal 

pre-ductal pH, PaCO2, PaO2 (Ciba-Corning Diagnostics 845 blood gas analyser and co-

oximeter, Massachusetts, USA), and glucose and lactate (YSI model 2300, Yellow Springs, 

Ohio, USA). Additional fetal blood (3 mL) was taken at 1 hour before, 3 and 6 hours post-

UCO and then daily for cytokine measurements. Ewes and their fetuses were killed 7 days 

post-UCO with an overdose of sodium pentobarbitone (9 g i.v. to the ewe; Pentobarb 300, 

Chemstock International, Christchurch, N.Z.).  

Cell preparation 

The cells were harvested as previously published in a methods paper by Murphy et al. 655 The 

hAECs were provided by the Monash Institute Melbourne and delivered frozen. Before 

administration cells were defrosted and placed in culture overnight. Cells were then removed 

from culture, washed and assessed for number and viability before 1x106 cells were suspended 

in 1 mL sterile PBS for administration. 753  

Immunohistochemistry  

The fetal brains were perfusion fixed with 10% phosphate buffered formalin at day seven. 

Slices (10 mm thick) were cut using a microtome (Leica Jung RM2035, Wetzlar, Germany). 

Two slides per animal were used to quantify cell numbers. Neurons were assessed in three 

areas of the cortex, five areas in the striatum and thalamus and in the CA1/2, CA3 and DG of 

the hippocampus. Oligodendrocytes, microglia, astrocytes, and proliferation were assessed in 

the intragyral and periventricular white matter. Slides were stained for oligodendrocytes, 

neurons microglia astrocytes and proliferation as previously described.843 Light microscopy 

was used for image acquisition at x 40 or x 20 magnification on a Nikon 80i microscope with 

a motorized stage. Cell number was averaged between left and right hemispheres of 2 slides 

for statistical analysis and graphing. 
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Data analysis 

Fetal parameters were recorded continuously from 24 hours before, until the end of the 

experiment. Data were processed using the programme Labview (National Instruments, 

Austin, Texas, United States) and raw and one minute averaged data were stored to computer 

disk, these were averaged into hourly Means ± SEM for statistical analysis and graphing. 

Continuous raw EEG traces of all fetuses were assessed for the appearance of large amplitude 

stereotypic evolving seizures. Seizures were defined as EEG events consisting of rhythmic 

repetitive waves occurring for at least 10 seconds and vary in frequency or amplitude as the 

seizure progresses. 534, 797, 844 Seizure number, individual seizure duration, total seizure 

duration and peak amplitude were determined. Carotid vascular resistance (CaVR) was 

calculated using the formula (mean arterial pressure - mean venous pressure)/carotid blood 

flow (mmHg/min/mL). 

Statistics 

Data were compared between groups using repeated measures or one-way analysis of variance 

(ANOVA) followed by the least significant difference post hoc tests when a significant effect 

of group was found (SPSS v22, SPSS Inc., Chicago, Illinois, United States). For analysis of 

immunohistochemical findings, regions were treated as a repeated measure. Statistical 

significance was accepted at P <0.05. Data are mean ± standard error of the mean (SEM). 
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Results  

General group information 

The sex distribution was similar in all groups with 4 males and 4 females in the sham-sham 

group, 4 males and 4 females in the asphyxia-vehicle group, and 5 females and 3 males in the 

asphyxia-hAEC group. There were no significant differences in baseline physiological 

recordings between groups or the degree of terminal bradycardia, hypotension and 

hypoperfusion during asphyxia. Cord occlusion was characterised by profound bradycardia 

(sham-sham 192±1.9 bpm, asphyxia-vehicle 64.1±1.6 bpm, asphyxia-hAEC 62.2±3.7 bpm), 

hypotension (sham-sham 35.8± 1.1 mmHg, asphyxia-vehicle 13.4±1.4 mmHg, asphyxia-

hAEC 12.3±1.0 mmHg), and carotid hypoperfusion (sham-sham 34.6±1.7 mL/min asphyxia-

vehicle 13.6±2.0 mL/min, asphyxia-hAEC 11.1±1.7 mL/min), which were not significantly 

different between asphyxia-vehicle and asphyxia-hAEC groups. Cord occlusion was 

associated with significant mixed acidosis, hypercapnia and hypoxia compared to the sham-

sham group (Table 5), which did not differ between the asphyxia groups. The time course for 

resolution of pH, blood gases, and glucose and lactate values was similar between asphyxia 

groups
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-1 hour 5 Min 17 Min 1 hour 2 hours 4 hours 6 hours 

pH sham 7.38±0.01 7.37 ±0.01 7.37±0.01 7.37±0.01 7.37±0.01 7.38±0.01 7.37±0.02 

  asph-veh 7.37±0.00 7.02 ±0.03* 6.81±0.05* 7.28±0.01* 7.33±0.01* 7.40±0.01 7.41±0.00* 

  hAEC 7.36±0.01 7.02 ±0.01* 6.83±0.01* 7.27±0.02* 7.32±0.02* 7.40±0.02 7.41±0.02* 

paCO2  sham 45.6±1.0 46.1 ±1.4 47.9 ±1.5 46.5 ±0.5 48.2 ±0.7 45.9 ±0.4 49.4±0.8 

(mmHg) asph-veh 53.1±1.3 103 ±6.4* 136.4±1.3* 45.9±0.7* 46.9±1.9 46.9±0.9 49.2±0.2 

 

hAEC 51.6±1.3 95.1±5.0* 156.3±8.6*# 44.2±2.4# 43.6±1.0 45.4±0.6 46.7±1.3 

paO2  sham 24.7±1.0 25.9 ±1.2 24.9 ±1.5 25.6 ±1.1 23.7±1.1 24.6 ±1.2 23.5±1.1 

(mmHg) asph-veh 23.3±1.1 7.0 ±5.0* 9.8±2.2* 28.2±2.4 25.1±2.5 22.5±1.5* 24.2±1.1 

 

hAEC 23.7±1.2 7.0 ±0.6* 9.7±3.5* 30.7±1.8* 27.7±1.4* 26±1.1 26±1.0 

Lactate sham 0.8±0.1 0.8 ±0.1 0.8 ±0.1 0.8 ±0.1 0.8±0.1 0.9 ±0.1 0.9±0.1 

 
asph-veh 1.2 ±0.2* 4.1 ±0.4* 6.7±0.4* 4.9±0.2* 4.2±0.9* 2.3±0.5* 2.0±0.3* 

 
hAEC 0.8 ±0.0 3.8 ±0.1* 6.3±0.3* 4.6±0.3* 3.9±0.4* 2.2±0.2* 1.9±0.1* 

Glucose sham 0.9±0.1 1.1 ±0.1 1.0±0.1 1.1 ±0.1 1.1±0.1 1.0 ±0.1 1.1±0.1 

  asph-veh 1.0±0.1 0.4 ±0.0* 0.8±0.3 1.6±0.1* 1.2±0.1 1.3±0.1 1.5±0.1* 

  hAEC 1.1±0.0 0.5 ±0.1* 0.8±0.1 2.0±0.1* 1.3±0.1* 1.4±0.0* 1.6±0.1* 

 

 

  
1 day 2 days 3 days 4 days 5 days 6 days 7 days 

pH sham 7.37±0.01 7.36±0.01 7.37±0.01 7.36±0.01 7.36±0.02 7.37±0.02 7.36±0.01 

  asph-veh 7.36±0.02 7.34±0.02 7.37±0.02 7.37±0.01 7.37±0.01 7.37±0.01 7.37±0.00 

  hAEC 7.37±0.02 7.34±0.01* 7.37±0.01 7.37±0.01 7.38±0.01 7.35±0.01 7.37±0.01 

paCO2  sham 49.7±1.0 49.9±1.0 50±1.3 47.4±1.5 49.4±1.5 48.8±1.3 49.5±1.2 

(mmHg) asph-veh 48.8±1.5 48±1.4 50±1.8 49.8±2.8 52±2.6 52.4±2.3 49.7±2.2 

 

hAEC 48.1±1.1* 48.1±0.7 47.6±1.3 48.1±1.5 51.1±1.1 52.5±1.2 48.0 ±1.2 

paO2  sham 24.2±1.1 24.0±1.3 25.1±1.5 24.1±1.7 23.5±2.3 24.3±1.5 25.1±1.9 

(mmHg) asph-veh 28.8±1.1 30.4±1.2* 25.9±0.7 20.9±6.3 25.78±2.6 25.8±2.5 29.4±3.9 

 

hAEC 29±1.1 30.0±1.2* 29.2±1.0* 28.4±1.0* 26.2±1.1 30.1±1.6* 26.5±1.4  

Lactate sham 0.8±0.1 0.8±0.0 0.8±0.1 0.8±0.1 0.7±0.1 0.8±0.1 0.7±0.1 

 
asph-veh 1.6±0.4* 0.8±0.1 0.9±0.0 0.9±0.1 0.8±0.1 0.8±0.0 0.7±0.1 

 
hAEC 1.2±0.2 0.9±0.1 0.7±0.1 0.9± 0.1 0.7±0.1 0.7±0.1 0.8±0.1 

Glucose sham 1.1±0.1 1.1±0.1 1.1±0.1 1.0±0.1 1.0±0.1 1.1±0.1 1.1±0.1 

  asph-veh 1.4±0.1 0.9±0.2 0.9±0.2 1.0±0.0 1.0±0.1 1.0±0.1 1.0±0.1 

  hAEC 1.4±0.2 1.3±0.1# 1.2±0.1 1.2±0.0 1.1±0.0 1.1±0.1 1.1±0.0 

 

 

Blood gas data from 1 hour before until 7 days after UCO, sham-sham (sham), asphyxia-vehicle 

(asphyxia) and asphyxia-hAEC (hAEC) groups, for pH, partial pressure of carbon dioxide 

(paCO2), partial pressure of oxygen (paO2), lactate and glucose values before and after 

asphyxia *:P<0.05 vs. sham-sham, #: P<0.05 vs. asphyxia-vehicle.  

 

Table 5 Arterial pH, blood gases, lactate and glucose values from 1 hour before until 7 days 

after UCO 
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EEG, SEF, impedance, and seizures  

Asphyxia was associated with a rapid significant suppression of EEG power (data not shown). 

After asphyxia EEG amplitude remained significantly suppressed in both asphyxia groups 

compared to the sham-sham group for 94 h (P<0.05, Figure 4.1). Asphyxia was associated 

with a significant reduction in SEF for both asphyxia groups (P<0.05, Figure 4.1), but returned 

to baseline at 132 h after asphyxia and did not differ for the remainder of the experiment. 

There was a trend to a rise in the asphyxia-hAEC group between 34-40 hours versus the 

asphyxia-vehicle group, but this was not significant. Impedance was significantly reduced in 

the asphyxia groups from 38 hours after UCO until the end of experiment (P<0.05, Figure 

4.1). The asphyxia-hAEC group did not differ from the asphyxia-vehicle group at any other 

point. 

No seizures were observed in the sham-sham group. Seizures were observed in both asphyxia 

groups. There were no differences between groups in the time to onset of seizures between 

asphyxia-vehicle and the asphyxia-hAEC groups respectively (10.8 ± 3.5 vs. 11.0 ± 4.4 hours), 

total number of individual seizures (101.6 ± 23.0 vs. 103.0 ± 4.4), duration of individual 

seizures (76.0 ± 6.0 vs.72.0 ± 7.0 seconds) and peak amplitude of individual seizures (171.0 ± 

16.0 vs.168.0 ± 23.2 µV). There was a tendency for the total period of seizures to be longer in 

the asphyxia-vehicle group, but this was not significant (43.1 ± 11.6 hours vs. 28.7 ± 7.2 

hours). The fall in EEG power observed between 34-40 hours in the asphyxia-hAEC group 

was associated with decreased inter-ictal activity (Figure 4.2). 
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Figure 4.1 Time of course changes in EEG and impedance 
 

This graph shows the changes in EEG power (top graph), EEG spectral edge frequency 

(middle graph) and cortical impedance % change from baseline (bottom graph) from 24 

hours before until 7 days after UCO (data not shown for occlusion). Sham-sham, open 

circles (n=8), asphyxia-vehicle, blue diamond (n=8), asphyxia-hAECs, orange squares 

(n=8). Data are hour averages during the post-UCO recovery and 24 hours from before 

UCO. All data are Mean±SEM, *P<0.05 vs. sham-sham. 
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Figure 4.2 Raw EEG trace of inter-ictal activity 

Raw EEG trace of inter-ictal activity of a representative asphyxia-vehicle (top panel) and an 

asphyxia-hAEC (bottom panel) animal, these data were taken from 35 hours after asphyxia. 
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Cardiovascular responses  

MAP was transiently elevated during the first 29 hours in the asphyxia groups, with pressure 

peaking around 1 hour post-occlusion; at 42.4±1.6 mmHg in the asphyxia-vehicle group and 

42.4±1.6 mmHg in the asphyxia-hAEC group compared to 36.9±0.7 mmHg in the sham-sham 

group (P<0.05, Figure 4.3). There was no significant difference between asphyxia groups, or 

between asphyxia groups and the sham-sham group for the remainder of the experiment. 

Asphyxia resulted in a transient elevation of FHR in both asphyxia groups compared to the 

sham-sham group during the first 4 hours, with heart rate peaking at 3 hours (asphyxia-vehicle 

221±10.7 bpm and asphyxia-hAEC 229±11.4 bpm, compared to the sham-sham group 

190.0±4.5 bpm, P<0.05, Figure 4.3). Thereafter there were no differences between any of the 

groups. A diurnal rhythm was re-established in both asphyxia groups around 24 hours.  

Asphyxia was associated with a significant reduction in CaBF in both asphyxia groups 

between 8 and 48 h after asphyxia (P<0.05, Figure 4.3). There was a significant increase in 

CaVR from 10 till 37 h post UCO in the asphyxia-vehicle group, and from 4 till 22 h post 

UCO in the asphyxia-hAEC groups compared to the sham-sham group (P<0.05 for both 

groups). Thereafter CaVR slowly returned to control group values. There was no significant 

difference between asphyxia groups.  
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Figure 4.3 Cardiovascular and cerebrovascular measurements before and after occlusion 

This graph shows the changes in mean arterial pressure (MAP, top graph), fetal heart rate 

(FHR, second graph), carotid blood flow (CaBF third graph) and carotid vascular 

resistance (CaVR bottom graph) from 24 hours before until 7 days after UCO (data not 

shown for occlusion). Sham-sham, open circles (n=8), asphyxia-vehicle, blue diamond 

(n=8), asphyxia-hAECs, orange squares (n=8). Data are one hour averages during the post-

UCO recovery and 24 hours before UCO. All data are Mean±SEM, *P<0.05 vs. sham-

sham, #P<0.05 vs. asphyxia-vehicle 
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Figure 4.4 Neuron counts 7 days after asphyxia 

 

Bar graph of immunolabeling of neurons with (NeuN) 7 days after asphyxia, Cornu Ammonis 

1/2 (CA1/2), Cornu Ammonis 3 (CA3), dentate gyrus (DG), striatum (Stri) and thalamus 

(Thal), sham-sham, grey (n=8), asphyxia-vehicle, blue (n=8), asphyxia-hAECs, orange (n=8). 

All data are Mean±SEM, *P<0.05 vs. sham-sham, #P<0.05 vs. asphyxia-vehicle 

Immunohistochemistry 

Neurons 

Asphyxia was associated with a significant reduction in NeuN positive neurons in the CA1/2 

and CA3 of the hippocampus, in the striatum and the thalamus compared to the sham-sham 

group (P<0.05, Figure 4.4). The hAEC treatment group did not significantly differ from the 

asphyxia-vehicle group in any of the areas assessed. However, the asphyxia-hAEC group did 

not significantly differ from the sham-sham group in the CA1/2 and the DG (P<0.05).  
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Oligodendrocytes 

Asphyxia was associated with a significant reduction in Olig-2 positive oligodendrocytes in 

the IGWM1/2 and PVWM regions (P<0.01, Figure 4.5 & 4.6). HAEC treatment did not 

change the number of Olig-2 positive oligodendrocytes in the IGWM or PVWM (P<0.01).  

Asphyxia was associated with a significant reduction in CNPase-positive OLs for both 

IGWM1/2 and PVWM regions (P<0.05, Figure 4.5 & 4.6). HAEC treatment did not improve 

the number of CNPase-positive OLs. There were no differences between asphyxia groups for 

any region (P<0.05). The CNPase/Olig-2 ratio did not differ between groups. 

Microglia 

Asphyxia was associated with a significant increase in Iba-1 positive microglia in both 

IGWM1/2 and PVWM (P<0.05, Figure 4.5 & 4.6). HAEC treatment resulted in a significant 

reduction in Iba-1 positive microglial infiltration in all WM areas (P<0.05). There was no 

difference in Iba-1 positive cell number between the sham-sham group and the asphyxia-

hAEC group for all WM areas. 

Astrocytes  

Asphyxia was further associated with a significant increase in GFAP positive astrocytes in 

both the IGWM1/2 and PVWM (P<0.05, Figure 4.5 & 4.6). This was significantly attenuated 

by hAEC treatment (P<0.01). There were no significant differences between the number of 

GFAP positive astrocytes in the sham-sham group and the asphyxia-hAEC group. 

Ki67 

Asphyxia was not associated with a change in Ki67 positive proliferating cells when assessed 

at 7 days post-asphyxia. There were no differences between groups in any area assessed 

(Figure 4.5).  
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Figure 4.5 Olig-2, Iba-1, GFAP, CNPase and Ki67 cell counts 7 days after asphyxia 

Bar graph of immunolabeling in the white matter, areas are the intragyral white mater of the 

first and second parasagittal gyri (IGWM1 and IGWM2 respectively), and the 

periventricular white matter (PVWM). Total oligodendrocytes (Olig2), immature and 

mature oligodendrocytes (CNPase), astrocytes (GFAP), microglia (Iba1) and proliferating 

cells (Ki67), sham-sham, grey (n=8), asphyxia-vehicle, blue (n=8), asphyxia-hAECs, orange 

(n=8). All data are Mean±SEM, *P<0.05 vs. sham-sham, #P<0.05 vs. asphyxia-vehicle 
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Figure 4.6 Photomicrographs of white matter immunolabeling seven days after asphyxia 

Representative photomicrographs, from top to bottom: Total oligodendrocytes (Olig2, A,E,I), 

immature and mature oligodendrocytes (CNPase, B,F,J), microglia (Iba-1, C,G,K), astrocytes 

(GFAP, D,H,L). Sham-sham (A-D), asphyxia-vehicle (E-H) and asphyxia-hAEC (I-L), scale 

bar = 50 µm 
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Figure 4.7 Time course changes in cytokine levels in fetal plasma before and after 

asphyxia 

Asphyxia-vehicle, blue (n=8), asphyxia-hAECs, orange (n=8). Data are Mean±SEM 

*P<0.05, #P<0.01 

 

Cytokines 

There was no significant difference in the baseline samples between asphyxia groups for IL-6, 

IL-10 or TNFα. HEAC treatment was associated with a significant increase in IL-10 between 

6-48 hours after asphyxia (P<0.01, Figure 4.7). IL-6 was significantly higher in the asphyxia-

vehicle group at all recovery time points except 6 hours and 24 hours (P<0.05, Figure 4.7). 

TNFα was higher in the asphyxia-vehicle group from 3 hours till the end of experiment 

(P<0.05, Figure 4.7). It is of note that there was a general fall in pro-inflammatory cytokines to 

around 72 hours, and a secondary rise thereafter. Associated with this there was a secondary 

rise in IL-10.  
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Discussion 

This study is the first to show the effects of human amnion epithelial cells on preterm fetal 

sheep brain injury and the fetal physiological adaptations to an acute asphyxial insult. HAEC 

treatment significantly reduced neuronal loss in selected subcortical regions but did not change 

the loss of total oligodendrocyte number and did not improve the immature/mature ratio of 

oligodendrocytes, suggesting no effect on either mature or immature oligodendrocytes.  

Treatment with hAECs conferred some protection in grey matter, and was associated with a 

significant reduction in microglial and astrocytic activation. Further, it reduced plasma levels 

of pro-inflammatory cytokines, and prolonged elevation of the anti-inflammatory cytokine IL-

10. Collectively, these data suggest that a single injection of hAECs during the early (2 hours) 

latent phase of recovery can provide a degree of subcortical grey matter protection, attenuated 

the rise in inflammatory cells white matter but had no impact on acute white matter injury, as 

assessed at 7 days post-asphyxia. Additionally, this study observed a trend towards a shorter 

duration of seizures and a reduction in the power of the EEG between seizures after the peak 

of seizures. Finally, we have demonstrated that hAEC administration did not alter fetal 

cardiovascular function, or basic biochemistry providing evidence about the potential safety of 

this treatment for perinatal use.  

HAECs are known to survive for many weeks, migrating to areas of injury.759, 845, 846 They are 

capable of providing neuroprotection through several mechanisms, including inhibition of 

inflammation, and the release of trophic factors, which support cell survival, proliferation and 

development.120, 123, 746 In the current study, there is a significant reduction in the release of 

pro-inflammatory cytokines and microglial infiltration, as well as an up-regulation of the anti-

inflammatory cytokine IL-10. This, however, did not confer protection for oligodendrocytes, 

and for some neurons in sub-cortical regions, and the neuroprotection observed was relatively 

modest.  

Caution is needed when interpreting the impact of circulating cytokines on cerebral 

inflammation as the insult used here is a whole body insult, and thus many organs may be 

injured or functionally impaired. Clinical data have shown that plasma cytokine data do not 

correlate with CSF levels and thus, may not reflect cerebral inflammation.482 However, in this 

study microglial activation, was remarkably sustained in our asphyxia-vehicle group, which 

has been shown to be associated with adverse outcomes.49, 485 HAEC treatment, in turn, 

significantly reduced both microglial and astrocytic induction, but this did not result in 

oligodendrocyte protection.  
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Why some areas benefited and others did not may be due to the relative sensitivity of some 

cells to injury depending on their stage of cell development, migration into the brain, and the 

provision of sufficient local neuroprotective or metabolic support. Barton and colleagues gave 

hAECs into the trachea of lambs which were then ventilated in a manner which causes brain 

injury.127 They observed that hAECs migrated to the brain within two hours, but their 

distribution was limited, and while regional reductions in activated microglia were observed 

there was no protection of white matter.127 Areas such as the CA3 region of the hippocampus 

and striatum, along with white matter, are more sensitive to injury by increased glutamate and 

oxidative stress, and may require greater support than can be facilitated by hAECs when 

acutely administered.84, 623, 847  

Additionally, it may be that hAECs efficacy requires a greater degree of co-localisation to 

facilitate cell-to-cell communication via paracrine activity,848 and early efficacy of stem cells 

has been shown to correlate with the quantity of trophic factor release.846 Whether a larger 

dose would have allowed greater protection remains to be determined, but studies with other 

stem cells have shown that increasing the dose does not necessarily correspond to a better 

outcome.120  

Importantly, however, white matter may be supported at a later time point than the seven days 

evaluated in this study. Inflammation is associated with adverse white matter development, 

and recent clinical data suggest a role for chronic inflammation, with pro-inflammatory 

markers during the first month of life strongly correlating with impaired brain development 

and adverse neurodevelopmental outcomes at 2 and 10 years of age.482, 483, 849 While we did 

not see an increase in oligodendrocyte numbers in the current study at the end of one week of 

recovery, we and others, have previously shown that there is a significant increase in 

proliferation of oligodendrocytes around the first week of recovery,85, 87, 103, 276 but that 

maturation of oligodendrocytes can be subsequently impaired.623 Inflammation is postulated to 

play a role in mediating oligodendrocyte dysmaturation, and activated astrocytes may produce 

other inhibiting factors such as hyaluronan.623 Thus, the reduction in activated microglia and 

astrocytes may be beneficial for white matter development in the longer-term.  

Stem cells have been reported to modulate seizures. Jellema and colleagues have previously 

demonstrated in a preterm fetal sheep model of asphyxia, that mesenchymal stem cells 

(MSCs) given i.v. one hour after UCO did not prevent seizures but reduced the total number of 

seizures and seizure burden.850 A similar observation was made by the same group with MSC 

derived vesicles, given 1 hour and 4 days post-UCO.851 In the current study, seizure 



Chapter 4: Early hAEC treatment in the preterm fetal sheep 

 

118 

 

morphology (amplitude, number and individual duration) was not changed, but there was a 

strong trend to a reduction in overall seizure number.  

However, we did observe that hAECs significantly modulated EEG activity between seizures 

particularly as seizures began to terminate after 24 hours. The mechanisms mediating 

cessation of perinatal seizures after an HI insult have not been determined, but seizures are 

followed by EEG suppression. In adults, seizure termination is in part due to energy failure 

and depletion of glutamate, and through adenosine production. 852, 853 In the current study, a 

reduction in activated astrocytes may have improved glutamate handling, and there are data to 

suggest that for some stem cells, such as MSCs, immunomodulation may occur through 

upregulation of adenosine receptors.645 Inflammation is known to play a role in initiating and 

propagating seizures, 696 and anti-inflammatory mediators such as IL-10 have been reported to 

reduce neural excitability.854, 855 Thus, hAEC may help modulate seizure activity and in 

particular seizure termination and post-seizure EEG suppression. 

In conclusion, we have shown that a single i.c.v. bolus of 1*106 hAECs to preterm fetal sheep 

2 hours after a severe asphyxial insult was associated with a reduction in injury in some 

subcortical regions, but did not affect white matter loss. However, further studies are required 

to determine if the significant effect on early hAEC treatment on inflammatory mediators and 

microglia and astrocytes is associated with improved white matter maturation in the longer-

term through supporting the development of immature oligodendrocytes. 
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Chapter 5: The effect of delayed hAEC 
treatment on post-asphyxial preterm brain 
injury 

Introduction  

The bulk of neural injury after a hypoxic-ischaemic (HI) insult does not occur during the event 

but in the hours to days after the end of the insult; during recovery, which allows for an 

opportunity for prevention.847 Currently, therapeutic hypothermia (TH) is the only treatment 

available to treat HI encephalopathy, and it is only used in term babies as in preterm infants it 

is associated with negative cardiovascular effects. Experimental studies of TH demonstrated 

that it is neuroprotective when the treatment is initiated in the narrow the window of 

opportunity, with efficacy seen when TH is initiated within six hours after the end of an HI 

insult and continued for around three days.832, 833 Clinically, however, only around 50% of 

infants benefit from treatment. 605 This, in part, relates to the timing of the insult, which may 

start well before birth, and thus, the window of opportunity at birth may be limited or non-

existent. 80, 605, 856 The evolution of preterm brain injury after an HI insult follows a similar 

time-course to that seen at term,80, 344 and the preterm newborn is at significantly greater risk 

of experiencing HI insults well before birth.67, 139  

However, while effective neuroprotection with early treatment is problematic, developing 

neuro-repair strategies for the preterm infant is important. Modern cohorts of preterm infants 

are at less risk of significant injury, such as periventricular leukomalcia. However, a high 

percentage of infants go on to have impaired neurodevelopment, characterised by reduced grey 

and white matter volumes, impaired brain growth, and neuronal and glial dysmaturation. This 

collectively leads to impaired connectivity of the neural network.44, 70, 286, 623, 857 The degree of 

impairment varies as a function of many factors, including exposure to injurious insults and 

the nature of those insults, as well as gestational age and subsequent interventions. 

Oligodendrocytes, which are in the active proliferation stage in the preterm brain, may be at 

particular risk of even mild events at this stage of development.27, 623 Experimental studies 

show, that HI insults lead to a significant loss of pre-oligodendrocytes, but that these are 

replaced through proliferation in the weeks after an HI insult.85, 87, 103, 276 However, current 

research suggests that these new pre-oligodendrocytes fail to mature, leading to 

hypomyelination and contributing to ongoing neuronal loss in the sub-cortex, and importantly 
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the cortex, through impaired cell-cell communication.27, 623 Thus, this provides a target for 

neuro-repair for delayed treatment. 

The factors that cause oligodendrocyte dysmaturation are as yet undetermined. Upregulated 

micoglia and astrocytes during the secondary and tertiary phases of recovery can promote 

inflammation, apoptosis, and loss of cell survival cues, as well as the accumulation of 

astrocytic inhibitors of oligodendrocyte maturation and down regulation of proteins, which 

promote cell cycle exit processes.27, 70, 623, 858 Stem cell therapy may prevent, or attenuate cell 

dysmaturation by promoting proliferation, growth and differentiation of cells through release 

of trophic factors and chemokines, and by reducing inflammation through their 

immunomodulatory actions.120, 123, 624.  

Human amnion epithelial cells (hAECs) derived from amniotic membranes, normally 

discarded at birth, have benefits over other types of stem cells. They can be quickly harvested 

to produce clinically relevant doses, and are non-tumorigenic, non-immunogenic and have 

significant trophic and immunomodulatory properties.120, 123, 838 In animal studies of stroke, 

delayed treatment with a single dose of hAECs (at 24 hours) or cells derived from amniotic 

fluid (at three days) have been shown to reduce cerebral infarct size and improve behavioural 

functionality in memory and motor co-ordination after an ischaemic stroke.846, 859 In preterm 

fetal sheep, lipopolysaccharide (LPS) given daily for three days induced significant 

inflammation, loss of oligodendrocytes and myelination assessed at one week, which was 

significantly attenuated by three doses of hAECs starting 24 hours after the first LPS 

injection.128 In a mouse model of prenatal LPS exposure and 14 days of post-natal 

hyperoxygenation, hAECs given i.v. at postnatal day 4 significantly reduced apoptosis, 

astrocytosis, and increased activated microglia.860 Importantly, this study demonstrated that 

hAECs modulated the activity of microglia towards protective phenotype, switching activity 

from fostering cell death to phagocytosis.860 

In the current study, we examined whether hAECs would reduce loss of oligodendrocytes and 

neurons in preterm fetal sheep when given as a delayed (24 hours) treatment after an asphyxial 

insult in utero. We hypothesised that a reduction in inflammation would correlate with 

improved oligodendrocyte number and cell proliferation. Fetal sheep were studied at 0.7 

gestation. At this age, the fetal sheep brain development is broadly equivalent to 28-32 weeks 

in humans.786  
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Methods  

Women gave written, informed consent for the collection of their placentae, and all procedures 

conformed to the standards set by the Declaration of Helsinki. Human amnion epithelial stem 

cells were collected from the placentae of women with uncomplicated pregnancies undergoing 

elective caesarean section at term. Tissue collection was performed with approval from the 

Monash Health Human Research Ethics Committee, Monash, Melbourne, Australia.  

All animal procedures were approved by the Animal Ethics Committee of the University of 

Auckland. Time-mated Romney/Suffolk fetal sheep were instrumented using sterile technique 

at 98-100 days ga (term is 145 days).85, 86, 88, 114 Ewes were anesthetised by intravenous 

injection of propofol (5 mg/kg, AstraZeneca Limited, Auckland, NZ), followed by 2-3% 

isoflurane in oxygen. Ewes received a constant infusion isotonic saline drip during surgery, 

and 1 mL/10 kg oxytetracycline (200 mg/mL, Phoenix Pharm Distributors ltd., Auckland, NZ) 

i.m. for prophylaxis just prior to surgery. 

Following a maternal midline abdominal incision and exteriorization of the fetus from the 

uterus, one femoral and both brachial arteries and one brachial vein were catheterized with 

polyvinyl catheters to allow for mean arterial blood pressure monitoring and preductal blood 

sampling and infusions. An amniotic catheter was secured to the fetal shoulder. 

Electrocardiogram (ECG) electrodes (Cooner Wire Co., Chatsworth, California, USA) were 

sewn across the fetal chest to record fetal heart rate. An inflatable silicon occluder was placed 

around the umbilical cord (In Vivo Metric, Healdsburg, CA, USA). An ultrasonic flow probe 

(3S type, Transonic Systems Inc., NY, USA) was placed around the right carotid artery as to 

provide an index of cephalic blood flow.841, 842 Two pairs of electrodes were implanted 

biparietally to record brain electroencephalographic (EEG) activity and seizures, a pair of 

impedance electrodes were placed 5 mm lateral of the EEG to measure cortical impedance 

(Cooner Wire Co.). The uterus was then closed. Antibiotics (80 mg Gentamicin, Pharmacia 

and Upjohn, Rydalmere, New South Wales, Australia) were administered into the amniotic 

sac. The maternal laparotomy skin incision was infiltrated with a local analgesic, 10 mL 0.5% 

bupivacaine plus adrenaline (AstraZeneca Ltd., Auckland, NZ). All fetal catheters and leads 

were exteriorized through the maternal flank. The maternal long saphenous vein was 

catheterized for post-operative maternal care and euthanasia.  
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Post-operative care 

Sheep were housed together in separate metabolic cages with access to food and water ad 

libitum. They were kept in a temperature-controlled room (16 ± 1°C, humidity 50 ± 10%), in a 

12 hour light/dark cycle. Antibiotics were given daily for two and four days i.v. to the ewe 

(600 mg benzylpencillin, Novartis Ltd, Auckland, NZ, and 80 mg Gentamicin, Pharmacia and 

Upjohn). Fetal catheters were maintained patent by continuous infusion of heparinised saline 

(20 U/mL at 0.15 mL/h) and the maternal catheter maintained patent by daily flushing. 

Experimental design  

Asphyxia was induced at 104/105 days gestation by 25 minutes of complete umbilical cord 

occlusion started between 9 and 9.30 am. 344 Fetuses were randomly assigned to the following 

groups: Sham-sham group (n=8), asphyxia-vehicle group (n=8), asphyxia-hAEC group (n=8). 

hAECs were given 24 hours after occlusion, PBS or hAECs were infused into the lateral 

ventricle over 20 min (0.05 mL/h) and the catheter dead-space (1mL) cleared over a further 20 

min with an infusion of artificial cerebrospinal fluid. 

Fetal arterial blood samples were collected at 1 hour before, 5 and 17 minutes during, and 1, 2, 

4 and 6 hours after  UCO, and then daily thereafter between 8-9 am, for measurement of fetal 

pre-ductal pH, PaCO2, PaO2 (Ciba-Corning Diagnostics 845 blood gas analyser and co-

oximeter, Massachusetts, USA), and glucose and lactate (YSI model 2300, Yellow Springs, 

Ohio, USA). Additional fetal blood (3 mL) was taken at 1 hour before, 3 and 6 hours post-

UCO and then daily for cytokine measurements. Ewes and their fetuses were killed 7 days 

post-UCO with an overdose of sodium pentobarbitone (9 g i.v. to the ewe; Pentobarb 300, 

Chemstock International, Christchurch, N.Z.).  

Cell preparation 

The cells were harvested as previously published in a methods paper by Murphy et al. 655 The 

hAECs were provided by the Monash Institute Melbourne and delivered frozen. Before 

administration cells were defrosted and placed in culture overnight. Cells were then removed 

from culture, washed and assessed for number and viability before 1x106 cells were suspended 

in 1 mL sterile PBS for administration.753  

Immunohistochemistry  

The fetal brains were perfusion fixed with 10% phosphate buffered formalin at day seven. 

Slices (10 mm thick) were cut using a microtome (Leica Jung RM2035, Wetzlar, Germany). 

Two slides per animal were used to quantify cell numbers. Neurons were assessed in three 
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areas of the cortex, five areas in the striatum and thalamus and in the CA1/2, CA3 and DG of 

the hippocampus. Oligodendrocytes, microglia, astrocytes and proliferation were assessed in 

the intragyral and periventricular white matter. Slides were stained for oligodendrocytes, 

neurons microglia astrocytes and proliferation as previously described.843 Light microscopy 

was used for image acquisition at x40 or x20 magnification on a Nikon 80i microscope with a 

motorized stage. Cell number was averaged between left and right hemispheres of 2 slides for 

statistical analysis and graphing. 

Data analysis 

Fetal parameters were recorded continuously from 24 hours before, until the end of the 

experiment. Data were processed using the programme Labview (National Instruments, 

Austin, Texas, United States) and raw and one minute averaged data were stored to computer 

disk, these were averaged into hourly Means ± SEM for statistical analysis and graphing. 

Continuous raw EEG traces of all fetuses were assessed for the appearance of large amplitude 

stereotypic evolving seizures. Seizures were defined as EEG events consisting of rhythmic 

repetitive waves occurring for at least 10 seconds, which vary in frequency or amplitude as the 

seizure progresses.534, 797, 844 Seizure number, individual seizure duration, total seizure duration 

and peak amplitude were determined. Carotid vascular resistance (CaVR) was calculated using 

the formula; mean arterial pressure - mean venous pressure / carotid blood flow 

(mmHg/min/mL). 

Statistics 

Data were compared between groups using repeated measures or one-way analysis of variance 

(ANOVA) followed by the least significant difference post hoc tests when a significant effect 

of group was found (SPSS v22, SPSS Inc., Chicago, Illinois, United States). For analysis of 

immunohistochemical findings, regions were treated as a repeated measure. Statistical 

significance was accepted at P <0.05. Data are Mean ± standard error of the mean (SEM). 
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Results  

General group information 

The sham-sham group was comprised of 4 males and 4 females, the asphyxia-vehicle group 

had 4 males and 4 females also, and the asphyxia-hAEC groups had 1 female and 7 males. The 

baseline physiological parameters did not differ between groups. The degree of terminal 

bradycardia (sham-sham 192±1.9 bpm, asphyxia-vehicle 64.1±1.6 bpm, asphyxia-hAEC 

65.3±2.3 bpm), hypotension (sham-sham 35.8±1.1 mmHg, asphyxia-vehicle 13.4±1.4 mmHg, 

asphyxia-hAEC, 13.6±0.9 mmHg), and hypo-perfusion (sham-sham 34.6±1.7 mL/min, 

asphyxia-vehicle 13.6±2.0 mL/min, asphyxia-hAEC 14.6±3.0 mL/min) during asphyxia, did 

not differ between asphyxia-vehicle and asphyxia-hAEC groups respectively. Umbilical cord 

occlusion resulted in significant mixed acidosis, hypercapnia and hypoxia in both asphyxia 

groups (Table 6) and the time course for resolution of pH, blood gases, and glucose and lactate 

values was similar between asphyxia groups.   
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Table 6 Arterial pH, blood gases, lactate and glucose values from 1 hour before until 7 

days after UCO 

  
-1 hour 5 Min 17 Min 1 hour 2 hours 4 hours 6 hours 

pH sham 7.38±0.01 7.37 ±0.01 7.37±0.01 7.37±0.01 7.37±0.01 7.38±0.01 7.37±0.02 

  asph-veh 7.37±0.00 7.02 ±0.03* 6.81±0.05* 7.28±0.01* 7.33±0.01* 7.40±0.01 7.41±0.00* 

  hAEC 7.38 ±0.01 7.04 ±0.01* 6.86 ±0.01* 7.27 ±0.01* 7.34 ±0.02* 7.40 ±0.02 7.41 ±0.02* 

paCO2  sham 45.6±1.0 46.1 ±1.4 47.9 ±1.5 46.5 ±0.5 48.2 ±0.7 45.9 ±0.4 49.4±0.8 

(mmHg) asph-veh 53.1±1.3 103 ±6.4* 136.4±1.3* 45.9±0.7* 46.9±1.9 46.9±0.9 49.2±0.2 

 

hAEC 52.6 ±0.7 100.1 ±3.5* 134.1 ±5.4* 42.6 ±0.9* 45 ±1.7 43.7 ±0.9 47.9 ±1.2 

paO2  sham 24.7±1.0 25.9 ±1.2 24.9 ±1.5 25.6 ±1.1 23.7±1.1 24.6 ±1.2 23.5±1.1 

(mmHg) asph-veh 23.3±1.1 7.0 ±5.0* 9.8±2.2* 28.2±2.4 25.1±2.5 22.5±1.5* 24.2±1.1 

 

hAEC 23 ±1.0 7.0 ±0.6* 10.0 ±0.5* 28.9 ±2.0 24.1 ±0.8 25.5 ±1.9# 25.5 ±1.3 

Lactate sham 0.8±0.1 0.8 ±0.1 0.8 ±0.1 0.8 ±0.1 0.8±0.1 0.9 ±0.1 0.9±0.1 

 
asph-veh 1.2 ±0.2* 4.1 ±0.4* 6.7±0.4* 4.9±0.2* 4.2±0.9* 2.3±0.5* 2.0±0.3* 

 
hAEC 1.0 ±0.1 4.4 ±0.2* 6.6 ±0.8* 5.6 ±0.8* 4.8 ±1.2* 3.4 ±0.9* 3.3 ±0.6* 

Glucose sham 0.9±0.1 1.1 ±0.1 1.0±0.1 1.1 ±0.1 1.1±0.1 1.0 ±0.1 1.1±0.1 

  asph-veh 1.0±0.1 0.4 ±0.0* 0.8±0.3 1.6±0.1* 1.2±0.1 1.3±0.1 1.5±0.1* 

  hAEC 1.2 ±0.0 0.5 ±0.1* 0.7 ±1.1 1.5 ±1.5* 1.4 ±1.1 1.2 ±0.9 1.6 ±0.3* 

         

  

1 day 2 days 3 days 4 days 5 days 6 days 7 days 

pH sham 7.37±0.01 7.36±0.01 7.37±0.01 7.36±0.01 7.36±0.02 7.37±0.02 7.36±0.01 

  asph-veh 7.36±0.02 7.34±0.02 7.37±0.02 7.37±0.01 7.37±0.01 7.37±0.01 7.37±0.00 

  hAEC 7.38 ±0.02 7.39 ±0.02 7.39 ±0.01 7.38 ±0.01 7.40 ±0.01 7.38 ±0.02 7.37 ±0.01 

paCO2  sham 49.7±1.0 49.9±1.0 50±1.3 47.4±1.5 49.4±1.5 48.8±1.3 49.5±1.2 

(mmHg) asph-veh 48.8±1.5 48±1.4 50±1.8 49.8±2.8 52±2.6 52.4±2.3 49.7±2.2 

 

hAEC 48.3 ±1.3 47.1 ±1.7 47.9 ±1.6 48 ±1.7 48.5 ±1.6 53.2 ±1.2 50.6 ±2.5 

paO2  sham 24.2±1.1 24.0±1.3 25.1±1.5 24.1±1.7 23.5±2.3 24.3±1.5 25.1±1.9 

(mmHg) asph-veh 28.8±1.1 30.4±1.2* 25.9±0.7 20.9±6.3 25.78±2.6 25.8±2.5 29.4±3.9 

 

hAEC 26.7 ±1.9 28.8 ±2.4* 27.2 ±1.7 28.1 ±1.7 26.4 ±1.9 22.9 ±0.6 22.6±2.5# 

Lactate sham 0.8±0.1 0.8±0.0 0.8±0.1 0.8±0.1 0.7±0.1 0.8±0.1 0.7±0.1 

 
asph-veh 1.6±0.4* 0.8±0.1 0.9±0.0 0.9±0.1 0.8±0.1 0.8±0.0 0.7±0.1 

 
hAEC 1.3 ±0.2* 1.0 ±0.1 1.0 ±0.1 1.0 ±0.0 1.0 ±0.1 0.9 ±0.1 0.8±0.1 

Glucose sham 1.1±0.1 1.1±0.1 1.1±0.1 1.0±0.1 1.0±0.1 1.1±0.1 1.1±0.1 

  asph-veh 1.4±0.1 0.9±0.2 0.9±0.2 1.0±0.0 1.0±0.1 1.0±0.1 1.0±0.1 

  hAEC 1.6 ±0.1 1.2 ±0.1 1.3 ±0.1 1.3 ±0.1 1.0 ±0.1 1.2 ±0.1 1.1 ±0.1 

 

 

Blood gas data from 60 min before until 7 days after UCO, sham-sham (sham), asphyxia-

vehicle (asphyxia) and asphyxia-hAEC (hAEC) groups, for pH, partial pressure of carbon 

dioxide (PCO2), partial pressure of oxygen (PO2), lactate and glucose values before and 

after asphyxia *:P<0.05 vs. sham-sham, #: P<0.05 vs. asphyxia-vehicle.  
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EEG, SEF and IMP  

Baseline parameters did not differ between groups. Asphyxia was associated with significant 

suppression of EEG amplitude and remained suppressed for the rest of experiment (P<0.05, 

Figure 24). The EEG did not differ between asphyxia groups at any point. Asphyxia was 

associated with a significant reduction in SEF for both asphyxia groups (P<0.05, Figure 5.1), 

but returned to baseline at 118 hours after asphyxia and did not differ from the sham-sham 

group for the remainder of the experiment. Asphyxia was associated with a significant 

reduction in IMP from 38 hours after asphyxia until the end of experiment (P<0.05, Figure 

5.1).The asphyxia groups did not differ in IMP at any point (P<0.05), there was a trend to a 

lower IMP in the asphyxia–hAEC group between 24 and 49 hours but this was not significant.  

Seizures 

None of the animals in the sham-sham group had seizures, in both asphyxia groups seizures 

were observed, none of the seizure parameters measured differed significantly between 

groups. There were no differences between groups in the time to onset of seizures between 

asphyxia-vehicle and the asphyxia-hAEC groups respectively (10.8 ± 3.5 vs. 12.5 ± 3.9 hours), 

total number of individual seizures (101.6 ± 23.0 vs. 99.8 ± 7.2) duration of individual seizures 

(76.0 ± 6.0 vs. 72.9 ± 8.8 seconds) and peak amplitude of individual seizures (171.0 ± 16.0 vs. 

160.8 ± 38.4 µV). While there was a tendency for the total period of seizures to be longer in 

the asphyxia-vehicle group, this was not significant (43.1 ± 11.6 vs. 26.8 ± 5.6 hours).  
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Figure 5.1 Time course changes in EEG, SEF and impedance 
 

This graph shows the changes in EEG power (top graph), EEG spectral edge frequency 

(SEF, middle graph) and cortical impedance, percentage change from baseline (IMP, bottom 

graph) from 24 hours before until 7 days after UCO (data not shown for occlusion). Sham-

sham, open circles (n=8), asphyxia-vehicle, blue diamond (n=8), asphyxia-hAECs, orange 

squares (n=8). Data are one hour averages during the post-UCO recovery and 24 hours 

before UCO. All data are Mean±SEM, *P<0.05 vs. sham-sham. 

 

2

4

6

8

1 0

1 2

1 4

1 6

1 8

2 0

2 2

4

6

8

1 0

1 2

1 4

8 0

9 0

1 0 0

1 1 0

1 2 0

-2 4 6 2 4 4 8 7 2 9 6 1 2 0 1 4 4 1 6 8


E

E
G

 p
o

w
e

r 
(d

B
)


S

E
 f

re
q

u
e

n
c

y
 (

H
z

)
Im

p
e

d
a

n
c

e
 (

%
 b

a
s

e
li

n
e

)

T im e  (h )

*

*

*

 



Chapter 5: Delayed hAEC treatment in the preterm fetal sheep 

 

128 

 

Cardiovascular and cerebrovascular responses  

Cord occlusion was characterised by profound bradycardia, hypotension and carotid hypo-

perfusion, which was not significantly different between asphyxia groups, (data not shown).  

Fetal heart rate  

FHR peaked at 3 h post UCO at 212±11.5 bpm for the asphyxia-hAEC group and at 229±11.4 

bpm for the asphyxia-vehicle group, this was significantly higher than the sham-sham group 

with 190.0±4.5 bpm (P<0.05, Figure 5.2). A diurnal rhythm was re-established in both 

asphyxia groups by 24 hours after asphyxia. There was no significant difference between 

asphyxia groups throughout the experiment. 

Mean arterial pressure 

MAP was elevated for the first 3 hours after occlusion peaking at 46.1±1.7 mmHg in the 

asphyxia-hAEC group and 42.4±1.6 mmHg in the asphyxia-vehicle group compared to 

36.9±0.7 mmHg in the saline-sham group (P<0.05, Figure 5.2). Thereafter there were no 

differences between any of the groups. A diurnal rhythm was re-established in both asphyxia 

groups around 72 hours. There was no significant difference between asphyxia groups 

throughout the experiment. 

Carotid blood flow and vascular resistance 

Asphyxia was associated with a significant drop in CaBF from 1 till 136 hours after UCO 

(P<0.05, Figure 5.2). HAEC treatment did not result in any changes in CaBF compared to the 

asphyxia–vehicle group. This was accompanied by a significant increase in CaVR in the 

asphyxia groups, lasting from 1 until 77 hours in the asphyxia vehicle group and until 101 

hours in the asphyxia hAEC group (P<0.05, Figure 5.2). Thereafter CaVR returned to sham-

sham group values.  
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Figure 5.2 Cardiovascular and cerebrovascular measurements before and after 

occlusion.  

This graph shows the changes in fetal heart rate (FHR, top graph), mean arterial 

pressure (MAP, second graph), carotid blood flow (CaBF third graph) and carotid 

vascular resistance (CaVR bottom graph) from 24 hours before until 7 days after UCO 

(data not shown for occlusion). Sham-sham, open circles (n=8), asphyxia-vehicle, blue 

diamond (n=8), asphyxia-hAECs, orange squares (n=8). Data are one hour averages 

during the post-UCO recovery and 24 hours from before UCO. All data are 

Mean±SEM, *P<0.05 vs. sham-sham, #P<0.05 vs. asphyxia-vehicle 
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Figure 5.3 Neuron counts 7 days after asphyxia 

 

Bar graph of immunolabeling of neurons with NeuN 7 days after asphyxia, Cornu Ammonis 

1/2 (CA1/2), Cornu Ammonis 3 (CA3), dentate gyrus (DG), striatum (Stri) and thalamus 

(Thal), sham-sham, grey (n=8), asphyxia-vehicle, blue (n=8), asphyxia-hAECs, orange 

(n=8). All data are Mean±SEM, *P<0.05 vs. sham-sham, #P<0.05 vs. asphyxia-vehicle 

 

Immunohistochemistry 

Neurons  

Asphyxia-vehicle was associated with a significant reduction in NeuN positive neurons in the 

CA1/2 and CA3 of the hippocampus, in the striatum and the thalamus compared to the sham-

sham group (P<0.05, Figure 5.3). In the hAEC treatment group, there was no difference in 

NeuN positive cell counts in the CA1/2, CA3, striatum and thalamus compared to the 

asphyxia-vehicle group. However, NeuN positive cells were significantly higher in the 

asphyxia-hAEC group in the DG than the asphyxia-vehicle group and no different to the 

sham-sham group in the CA1/2, DG, striatum and thalamus (P<0.05).  
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Oligodendrocytes  

Asphyxia was associated with a significant decrease in Olig-2 positive oligodendrocytes in 

both the IGWM1/2 and the PVWM (P<0.01, Figure 5.4 & 5.5). HAEC treatment did not 

ameliorate this effect and no significant differences between asphyxia groups were found. 

Asphyxia was furthermore associated with a reduction in CNPase positive cells in both the 

IGWM1/2 and the PVWM (P<0.05, Figure 5.4 & 5.5). CNPase-positive cell number was not 

significantly different between the asphyxia-hAEC group and the asphyxia-vehicle group, 

neither did the asphyxia-hAEC group differ from the sham-sham group for the IGWM1 and 

PVWM, but it was significantly reduced in the IGWM2 (P<0.05). The CNPase/Olig-2 ratio 

did not differ between groups. 

Astrocytes  

Asphyxia was associated with a significant increase in GFAP positive cells in both the 

IGWM1/2 and the PVWM (P<0.05, Figure 5.4 & 5.5). This was significantly ameliorated by 

the hAEC treatment and the asphyxia-hAEC group did not significantly differ from the sham-

sham group in both the IGWM1/2 and the PVWM (P<0.05).  

Microglia 

Asphyxia was associated with significantly more iba-1 positive microglial infiltration. 

Treatment with hAECs at 24 h results in intermediate infiltration not significantly differing 

from either the sham-sham or the asphyxia-vehicle groups (P<0.05, Figure 5.4 & 5.5). There is 

no significant difference in Iba-1 positive cell count between the sham-sham group and the 

asphyxia-hAEC group.  

Proliferation  

Cell proliferation was assessed in the IGWM1/2 and the PVWM. There were no differences 

between asphyxia groups and the sham-sham group for Ki67 positive proliferating cells 

(Figure 5.4). 
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Figure 5.4 Olig-2, Iba-1, GFAP, CNPase and Ki67 cell counts 7 days after asphyxia 

Bar graph of immunolabeling in the white matter, areas are the intragyral white mater of the 

first and second parasagittal gyri (IGWM1 and IGWM2 respectively), and the 

periventricular white matter (PVWM). Total oligodendrocytes (Olig2), immature and 

mature oligodendrocytes (CNPase), astrocytes (GFAP), microglia (Iba1) and proliferating 

cells (Ki67), sham-sham, grey (n=8), asphyxia-vehicle, blue (n=8), asphyxia-hAECs, orange 

(n=8). All data are Mean±SEM, *P<0.05 vs. sham-sham, #P<0.05 vs. asphyxia-vehicle 
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Figure 5.5 Photomicrographs of immunolabeling seven days after asphyxia 

Representative photomicrographs, from top to bottom: total oligodendrocytes (Olig2, A), 

immature and mature oligodendrocytes (CNPase, B), microglia (Iba-1, C), astrocytes (GFAP, 

D). Scale bar = 50 µm. 

  

Cytokines 

There was no significant difference in the baseline samples between asphyxia and the hAEC 

treatment group for IL-6, IL-10 or TNFα. TNFα was higher in the asphyxia-vehicle group 

from 1 day until the end of experiment (P<0.05, Figure 5.6). No other significant differences 

were found.  
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Figure 5.6 Time course changes in cytokine levels in fetal plasma before and after asphyxia 

Asphyxia-vehicle, blue (n=8), asphyxia-hAECs, orange (n=8). Data are Mean±SEM 

*P<0.05 
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Discussion  

In this chapter, we investigated the effects of an i.c.v. administration of hAECs at 24 hours 

after a near-terminal asphyxial insult, causing a clinically relevant pattern of injury. 

Administration of 1x106 hAECs at 24 hours after asphyxia was associated with a significant 

reduction in GFAP positive astrocytes, a reduction in TNFα, and an intermediate number of 

Iba-1 positive microglia. In the grey matter have treatment was associated with an 

intermediate neuronal number in the CA1/2 the striatum and the thalamus, between the sham 

and vehicle group. 

For this experiment, the focus lay on regeneration more than prevention. This chapter aimed to 

investigate whether hAECs may have benefit as a neuro-regenerative therapy rather than a 

neuroprotective one as investigated in the previous chapter. Intervention was delayed for 24 

hours, at which point injury progression would be well into the secondary phase of 

deterioration and the window of opportunity for neuroprotection during the latent phase would 

have been missed. At this point, many cells would have already committed to cell death 

pathways. The hAECs were introduced into an environment that is relatively stable with blood 

gas and pH parameters reverting back to baseline levels, and may now start the process of 

repair, secreting pro-survival and immune regulatory factors.  

Completely occluding the umbilical cord for 25 min, in the 0.7 preterm sheep fetus resulted in 

a significant reduction in preOLs and CNPase positive astrocytes, a loss of neurons in the deep 

grey matter and a significant increase in inflammatory cells. The administration of hAECs into 

the lateral ventricle did not impact the loss of Olig-2 or CNPase positive cells in the white 

matter but resulted in partial preservation of neurons in the deep grey matter. It is possible that 

like in the previous chapter the time frame, used for these experiments, is not sufficiently long 

for hAEC treatment to have a quantifiable impact on OL maturation. As there was a reduction 

in Iba-1 positive microglia, as well as a significant reduction in GFAP positive astrocytes, 

there is evidence that the administration of hAECs is influencing injury progression. This 

could lead to more apparent improvement if the animals were monitored for longer and the 

effects of immune dampening could have their effect on cellular and physiological parameters. 

From the literature, it is known that hAECs secrete many factors that can potentially improve 

outcome after HI. Host cells survival, maturation, and proliferation can be improved by 

providing trophic support. Cell therapy has the potential to reduce OL maturational arrest and 

in doing so possibly improves grey matter development axonal growth, myelination, and 
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connectivity.300-302 HAECs produce many different paracrine substances, they are known to 

produce NT-3, BDNF, and NTF, which support and drive endogenous cell migration, 

proliferation, and differentiation and play a part in normal brain development. 130, 669, 672  

The literature suggests that late administration does indeed offer benefit. In a paper by Daadi 

et al., NSCs administered 24 h after HI in p7 rats showed improved limb use, increased axonal 

sprouting as well as an up-regulation of regenerative genes, despite not seeing any differences 

in lesion size.861 In a similar study by Xia et al., where administration of hUCBCs was delayed 

until 3 days post HI in P7 rats, there was also no reduction in neuronal loss but an 

improvement in neurological score 28 days after HI.644 This indicated that behavioural 

improvements do not necessarily correspond to a reduction of cell loss. However, research 

done by van Velthoven and colleagues, transplanted MSCs intranasally into P9 mice at day 

three and 10 did improve both physiological and lesion outcome at 28 days after HI.862, 863 

This further indicates that perhaps more time is needed for the improvements to become 

quantifiable. 

The data in this, as well as the previous chapter, indicates that hAECs indeed affect the 

immune response after asphyxia. Choosing different cell administration times during the 

evolution of injury allows for a range of potentially complementary mechanisms to be 

targeted. Early administration may reduce cell death during the secondary phase of 

deterioration and improve oxidative failure in the secondary phase by reducing reactive 

oxygen species, and the number of mitochondria undergoing mitochondrial pore transitioning. 

HAECs may reduce inflammation by decreasing the expression of monocyte chemoattractant 

protein-1, TNFα, IL-1 and -6, as well as profibrotic TNF-β expression, decreasing the release 

of excitotoxins, cyto-toxins, and oxygen free radicals.672 Further down the line of evolving 

injury the emphasis would be more on restoration, stimulating growth, maturation, and 

connectivity.124, 864, 865 

In conclusion, we have shown that a single i.c.v. bolus of 1*106 hAECs to preterm fetal sheep 

24 hours after a severe asphyxial insult was associated with a reduction in injury in some 

subcortical regions, but did not affect white matter loss. Given that these results were achieved 

despite treatment commencing well outside the conventional window of opportunity, indicates 

that hAECs have potential as a late onset therapy. However, further studies are required to 

determine if the significant effect of early hAEC treatment on inflammatory mediators, and 

microglia and astrocytes is associated with improved white matter maturation in the longer-

term, through supporting development of immature oligodendrocytes. 
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Chapter 6: Delayed intranasal infusion of 
human amnion epithelial cells can improve 
white matter maturation after asphyxia in 
preterm fetal sheep 

This data has now been accepted for publication in the Journal of Cerebral Blood Flow & 

Metabolism 

Introduction  

Globally, approximately 11% of all live births are preterm (<37 weeks of gestation).5 

Prematurity is highly associated with substantial mortality and morbidity.10, 866 Although 

survival rates have significantly improved in higher income nations, there have only been 

modest reductions in long-term cognitive, sensory and motor disabilities.12, 867 Even late 

preterm infants (32-36 weeks gestation) have markedly greater risk of neurodevelopmental 

impairment at two years of age than term born infants.18, 19, 868  

Preterm white matter is particularly vulnerable to injury, likely in part related to high levels of 

proliferation of oligodendrocytes and critical maturation events including onset of myelination 

in the last trimester.28, 50 In modern cohorts of preterm infants, white matter damage is most 

often diffuse, and the severe cystic form of injury is becoming uncommon.28, 273, 460 Recent 

studies have shown that although oligodendrocytes are highly vulnerable to hypoxia-ischemia 

(HI), cell loss is followed by intense restorative proliferation in animal models of HI as well as 

human post-mortem studies.276, 279, 280, 459 Despite this, recovery of total numbers of 

oligodendrocytes, cell maturation, and ultimately myelination are impaired and remain 

associated with long-term disability.273, 282 

The mechanisms of this maturational arrest are unclear, but likely involve, in part, loss of 

trophic support and other environmental cues.26-28, 283 Thus, exogenous stem cells, which both 

release, and promote the release, of factors that support survival and maturation and modulate 

inflammation120 may be beneficial. For example, hAECs that are harvested from the inner 

lining of the amniotic membrane have pluripotent potential because they are formed from 

embryonic ectoderm before gastrulation.123, 125 These cells are harvested from fetal membranes 

that would otherwise be discarded at birth, reducing potential ethical concerns. Reassuringly, 

they have low tumorigenicity and are immune privileged due to their low expression of human 

leucocyte antigen and co-stimulatory molecules. This allows allogenic transplantation without 
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the need for immune suppression.121, 123, 125 HAECs have been reported to be beneficial for 

wound healing, ophthalmologic injury, multiple sclerosis and neonatal bronchopulmonary 

dysplasia,121, 123, 125  likely by modulating local inflammation 129-132 and promoting release of 

trophic factors,121, 125, 133 but not cell replacement.  

In adult rats, intra-cerebral administration of hAECs 24 hours after a middle cerebral artery 

occlusion (MCAO) reduced infarct size and behavioural dysfunction two weeks later.846 

Intracerebroventricular (i.c.v.) injection of hAECs at three days after MCAO reduced 

cognitive deficits, reduced brain edema and improved motor deficits after intracerebral 

haemorrhage.839 Further, in term-equivalent fetal sheep, systemic co-injection of hAECs with 

lipopolysaccharide reduced white matter apoptosis.126 Administration of hAECs at birth 

reduced the cerebral effects of ventilation induced pathology in 0.85 ga newborn lambs.127  

Preterm brain injury is complex and multifactorial.70 Exposure to asphyxia, as shown by 

metabolic acidosis and need for resuscitation at birth, remains an important factor associated 

with increased risk of death, subcortical brain injury and disability after preterm birth.869-872 

There is encouraging data that autologous umbilical cord blood mononuclear cells, given 12 

hours after umbilical cord occlusion, can reduce apoptosis in grey matter and improve 

oligodendrocyte survival in full term lambs after three days recovery, 620 and in preterm lambs 

after 10 days recovery.478 There have been no studies of hAECs for perinatal brain injury after 

asphyxia in the preterm-equivalent brain. 

In the present study we tested the hypothesis that repeated intranasal infusion of hAECs, 

started at 24 hours after asphyxia induced by complete umbilical cord occlusion, would reduce 

grey and white matter pathology and inflammation seen after 21 days recovery in preterm fetal 

sheep. Brain maturation of 0.7 gestation fetal sheep is broadly equivalent to 28-32 weeks of 

human development.786 

Methods  

Experimental preparation 

All procedures were approved by the Animal Ethics Committee of the University of Auckland 

and in accordance with the Animal Welfare Act (1999) of New Zealand and reported 

according to the ARRIVE guidelines (Animal Research: Reporting In Vivo Experiments). 

Eighteen Romney- Suffolk cross fetal sheep were surgically instrumented at 98-100 days of 
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gestational age (ga; term is ~ 147 days) as previously described.344 Food, but not water was 

withdrawn 18 hours before surgery. Ewes were given long acting oxytetracycline (20 mg/kg, 

Phoenix Pharm Distributors, Auckland, New Zealand) intramuscularly 30 minutes before 

surgery for prophylaxis. Anaesthesia was induced by i.v. injection of propofol (5 mg/kg, 

AstraZeneca, London, U.K.) and general anaesthesia was maintained using 2-3% isoflurane 

(Medsource, Ashburton, New Zealand) in oxygen. The depth of anaesthesia, maternal heart 

rate and respiration were constantly monitored by trained anaesthetic staff. Ewes received a 

constant infusion of isotonic saline (approximately 250 ml/h) to maintain fluid balance. 

Surgical instrumentation 

A midline abdominal incision was made to expose the uterus, and the fetus was partially 

exteriorized for instrumentation. Polyvinyl catheters (SteriHealth, Dandenong South, VIC, 

Australia) were placed in a fetal femoral and brachial artery to measure blood pressure and for 

pre-ductal blood sampling. An additional catheter was placed into the amniotic sac for 

measurement of amniotic fluid pressure. Electrodes (AS633-3SSF, Cooner Wire, Chatsworth, 

CA, USA) were placed subcutaneously over the right shoulder and at the level of the left fifth 

intercostal space to measure the fetal electrocardiogram from which fetal heart rate (FHR) was 

derived. Two pairs of electroencephalograph (EEG) electrodes (AS633-7SSF; Cooner Wire) 

were placed through burr holes onto the dura over the parasagittal parietal cortex (5 and 10 

mm anterior to bregma and 5 mm lateral) and secured with cyanoacrylate glue. A polyvinyl 

catheter was inserted into the right fetal nostril and placed against the cribriform plate for 

delivery of hAECs and vehicle. The catheter was sutured in place and the nostrils sealed with 

cyanoacrylate glue. An inflatable silicone occluder (In Vivo Metric, Healdsburg, CA, USA) 

was placed around the umbilical cord to allow umbilical cord occlusion. All fetal leads were 

exteriorized through the maternal flank, and a maternal long saphenous vein was catheterized 

for maternal post-operative care. The maternal laparotomy incision was repaired and the skin 

infiltrated with 10 ml of 0.25% bupivacaine plus adrenaline (AstraZeneca). 

Post-surgical recovery  

After surgery, ewes were housed in separate metabolic cages in a temperature-controlled room 

(16 ± 1 ºC, humidity 50 ± 10%) with a 12 hour light/dark cycle (6.00 am lights on) and ad 

libitum access to water and food. Ewes received i.v. antibiotics daily for four days (600 mg 

benzylpenicillin sodium; Novartis, Auckland, New Zealand, and 80 mg gentamicin sulfate; 

Pfizer, Auckland, New Zealand). Fetal catheters were maintained patent by continuous 

infusion of heparinized saline (20 U/ml at 0.2 ml/h). Physiological parameters were recorded 
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continuously from 24 hours before umbilical cord occlusion,873  until the end of experiment, 

21 days after occlusion. At the end of the experiment the ewes and their fetuses were killed by 

an intravenous overdose to the ewe of sodium pentobarbitone (9 g; Pentobarb 300, Chemstock 

International, Christchurch, New Zealand).  

hAEC collection and handling 

Tissue collection to isolate hAECs was performed with approval from the Monash Health 

Human Research Ethics Committee, Monash, Melbourne, Australia. Women gave written, 

informed consent for the collection of their placentae, and all procedures conformed to the 

standards set by the World Medical Association Declaration of Helsinki. hAECs were isolated 

from term placentae donated by healthy volunteers who underwent elective caesarean section 

delivery as previously described.655 Briefly, the amnion was manually separated from the 

chorion, and blood removed. The hAECs were enzymatically removed by two 1 hour digestion 

periods using TrypZean (Sigma-Aldrich, Sydney, NSW, Australia) and TrypZean was then 

inactivated with soybean trypsin inhibitor (Sigma-Aldrich). The hAECs were collected by 

centrifugation for 10 minutes at 1000g and re-suspended for cell counts and viability testing 

(Supplementary Table 1). As previously characterized, hAECs are epithelial cell adhesion 

molecule positive but negative for CD31, CD45, CD90 and CD105.655 Cells were 

cryopreserved using standard methods at 5 × 106 cells/ml. Frozen cells were thawed, washed, 

counted and placed in culture 24 hours before administration.655 For culture, ten million 

hAECs were seeded in a T175 flask and maintained at 5% CO2 in Dulbecco's Modified Eagle 

Medium: Nutrient Mixture F-12 (Invitrogen New Zealand Limited, Auckland, New Zealand) 

with 10% heat-inactivated fetal bovine serum. The hAECs were then taken out of culture, 

washed, counted and their viability assessed before the cells were suspended in 2 ml sterile 1 x 

Dulbecco's phosphate-buffered saline without calcium and magnesium balanced salt solution 

(Invitrogen New Zealand Limited) for intranasal administration (Supplementary Table 1).  

Experimental recordings 

Fetal mean arterial blood pressure (MAP), corrected for maternal movement by subtraction of 

amniotic pressure, ECG, and EEG were recorded continuously for offline analysis using 

custom data acquisition software (LabVIEW for Windows, National Instruments, Texas, 

USA). The blood pressure signal was collected at 64 Hz and low pass filtered at 30 Hz. The 

fetal ECG was analogue filtered between 0.05 and 100 Hz and digitized at 512 Hz, and used to 

derive fetal heart rate (FHR). The analogue fetal EEG signal was low pass filtered with a cut 

off frequency set with the -3 dB point at 30 Hz, and digitized at a sampling rate of 512 Hz. 
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The intensity (power) was derived from the intensity spectrum signal between 0.5 and 20 Hz, 

while spectral edge frequency (SEF) was calculated as the frequency below which 90% of the 

intensity was present.796 For data presentation, total EEG power was normalized by log 

transformation (dB, 20 x log intensity). Maturational development was assessed by changes in 

the frequency distribution of SEF as described by Szeto et al.,810 over 24 hour periods at days 

104 (i.e. the 24 h before occlusion), 110, 115, 120 and 125 ga. For this analysis, the proportion 

of time that the SEF fell within one Hz bands from 0.5 to 19.5 Hz was calculated from 1 

minute average data for each 24 period.  

Experimental protocol 

Ewes and fetuses were allowed to recover for four days before experiments commenced. On 

day 104 ga, fetuses were randomly assigned to receive boluses of either phosphate-buffered 

saline (asphyxia-vehicle group, n=6) or 40.7±1.7×106 hAECs intranasally in the same volume 

(asphyxia-hAEC group, n=6), at one, three, and 10 days after occlusion. Sham-control fetuses 

did not receive occlusion or hAEC treatment (n=7). Randomization was stratified by cohort to 

control for time of year. Sample size was determined based on an estimated population 

standard deviation of 3.5 for anti-2',3'-cyclic-nucleotide 3'-phosphodiesterase (CNPase) 

fractional area. A sample size of 6 was required to provide 80% power to detect an 

improvement in fractional area of CNPase of 6.5 or greater. Fetuses were killed 21 days after 

the end of occlusion for histology in which the assessor was blinded to the treatment group. In 

addition, one additional asphyxia-hAEC fetus was killed four days after occlusion for 

histological assessment of migration of hAECs. 

Systemic asphyxia was induced by 25 minutes of reversible complete umbilical cord 

occlusion.344 Successful occlusion was determined by rapid onset of bradycardia and blood 

pressure elevation, and confirmed with pH and blood gas analysis. All occlusions were started 

in the morning between 9 and 9.30am. Fetal arterial blood samples were collected at 1 hour 

before, 5 and 17 minutes during, and 1, 2, 4, and 6 hours after occlusion. Samples were taken 

daily between 8 and 9am. Fetal pre-ductal pH, PaCO2, PaO2 ((ABL 800, Radiometer, 

Copenhagen, Denmark), and glucose and lactate (YSI model 2300, Yellow Springs, Ohio, 

USA) measurements were made.  

Histology 

Fetal brains were perfusion fixed in situ by 1 m height gravity perfusion, starting with 500 ml 

of 0.9% saline solution followed by 1000 ml of 10% phosphate buffered formalin. Brains were 

immersion fixed for a further 3-5 days before being embedded in paraffin. Coronal slices (10 
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μm thick) were cut using a microtome (RM235, Leica Microsystems, Wetzler, Germany) at 

the level of the mid-striatum and the dorsal hippocampus. Slides were dewaxed in xylene, 

rehydrated in decreasing concentrations of ethanol and washed in 0.1 mol/L phosphate 

buffered saline (PBS). For antigen retrieval the pressure cooker technique, in citrate buffer 

(450 ml of distilled water, 8 ml citric acid, 42 ml sodium citrate, pH 6.5), was used (EMS 

Antigen 200 Retriever, Aptum Biologics, United Kingdom). Endogenous peroxidase was 

quenched by incubation in 1% H2O2 in methanol (or in PBS for Olig-2). Blocking was 

performed for 1 hour at room temperature in 3% normal goat serum for all antibodies, except 

ionized calcium binding adaptor molecule 1 (Iba-1) for which normal horse serum was used. 

Sections were labeled with monoclonal antibodies; 1:200 mouse anti- neuronal nuclear antigen 

(NeuN, Chemicon International, Temecula, CA, USA), 1:200 mouse anti-synaptophysin 

(Merck-Millipore, Billerica, MA, USA), 1:200 rabbit anti-cleaved caspase-3 (Chemicon 

International), 1:400 rabbit anti-oligodendrocyte transcription factor 2 (Olig-2, Merck-

Millipore), 1:200 mouse anti-CNPase (Merck-Millipore), 1:200 rabbit anti-myelin basic 

protein (MBP, Merck-Millipore), 1:200 rabbit anti-glial fibrillary acidic protein (GFAP, 

Abcam, Cambridge, United Kingdom), 1:200 goat anti-Iba-1 (Abcam), 1:200 mouse anti-

tumor necrosis factor alpha (TNFα, AbD Serotec, Pucheim, Germany) or 1:200 mouse anti-

human cytoplasmic marker STEM121 (Stem Cells Inc. Newark, CA, USA) overnight at 4°C. 

Sections were washed in PBS and incubated for 3 hours with the species appropriate biotin-

conjugated monoclonal 1:200 anti-mouse, 1:200 anti-rabbit, or 1:200 anti-goat in 3% normal 

goat serum for all except Iba-1 which was incubated in 3% normal horse serum. Slides were 

incubated in ExtrAvidin (1:200, Sigma-Aldrich) in PBS for 2 hours and then reacted with 

diaminobenzidine tetrachloride (Sigma-Aldrich). The reaction was halted by immersion in 

distilled H2O and the slides washed and dehydrated before being mounted. 

Data analysis 

Brain regions used for analysis of the striatum (including the caudate nucleus and putamen) 

were assessed on sections 23 mm anterior to stereotaxic zero as defined in the stereotaxic atlas 

for fetal sheep.815 The parasagittal intragyral white matter (IGWM) and periventricular white 

matter (PVWM) tracts as well as the parasagittal and lateral cortex were assessed on sections 

taken 17 mm anterior to stereotaxic zero. Images were obtained from labelled sections by light 

microscopy at 20x or 40x magnification on a Nikon 80i microscope equipped with a DS-Fi1-

U3 camera and NIS Elements Br 4.0 imaging software (Nikon Instruments, Melville, NY, 

USA), using five fields in the striatum, three fields in the white matter (two parasagittal 

intragyral, one periventricular) and three fields in the cortex. Average scores from both 
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hemispheres from two sections were calculated for each region. Cortical and white matter 

areas were assessed on acid fuchsin stained slides taken 17 mm anterior to stereotaxic zero. 

All analyses were performed by an assessor (LGH) who was blinded to the treatment groups 

by independent coding of slides and data files. Healthy neurons were counted based on 

morphological assessment; neurons showing a pyknotic morphology were excluded.874 

Microglia showing either an amoeboid or ramified morphology were included. Cleaved 

caspase-3 positive cells were counted based on morphological assessment; only cells with both 

staining and apoptotic bodies were counted. Total and CNPase positive and MBP positive 

oligodendrocyte, microglia, astrocyte numbers and the area fraction of GFAP and MBP 

staining were quantified using the isodata threshold filter (ImageJ software, National Institutes 

of Health, USA).  

Data were compared between groups using two way analysis of variance (ANOVA, SPSS 22.0 

for Windows (SPSS, Chicago, Il, USA) followed by Tukey’s post hoc test when a significant 

effect of group was found. The analysis was performed masked to group. Region and time 

were treated as repeated measures as appropriate. Statistical significance was accepted at 

P<0.05. Data are mean ± standard error of the mean (SEM).  
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Results  

Biometrics 

 

The sex distribution is as follows, the sham-sham group (four females, two males), asphyxia-

vehicle group (four female, two males) or the asphyxia-hAEC group (five females, one male). 

Parameters at the end of the experiment for the sham-sham group were; body weight (3585.8 ± 

152 g) and brain weight (40.2 ± 1.6 g). Asphyxia was associated with a significant decrease in 

body (2863.5 ± 152 g, P<0.05) and brain (30.3±1.4 g, P<0.01) weight. Treatment with 

intranasal hAECs resulted in a partial restoration of body (3408 ± 147 g) and brain (35.1 ± 2.1 

g) weights and did not significantly differ from either the sham-sham or the asphyxia-vehicle 

group. Asphyxia is associated with a significant decrease in brain weight from 40.2 ± 1.6 g to 

30.3 ± 1.4 g (P=0.001). Similarly, asphyxia was associated with a significant decrease in 

cortical area from 92.1 ± 30.6 mm2 in the sham-sham group to 73.9 ± 35.7 mm2 in the 

asphyxia-vehicle group (P<0.05) and hAEC treatment partially restored this to 85.2 ± 25.8 

mm2 not differing significantly from either sham or asphyxia groups.  

There were no significant differences in fetal arterial pH, blood gases, glucose, and lactate 

values between groups during the baseline period. Asphyxia in both groups was associated 

with significant hypoxia, hypercapnia and mixed acidosis compared to the sham-sham group 

(P<0.05, Table 7). There were no differences in fetal heart rate and mean arterial pressure 

between groups during the baseline period. Asphyxia was characterized by profound 

bradycardia (final minute of occlusion: 52.9 ± 2.5 vs. 45.9 ± 2.4 bpm in the asphyxia-vehicle 

group and asphyxia-hAEC groups respectively vs. 189.3 ± 1.2 bpm in the sham-sham group, 

P<0.001) and hypotension (final minute of occlusion: 10.9 ± 1.2 vs. 9.5 ± 0.9 mmHg in the 

asphyxia-vehicle group and asphyxia-hAEC groups respectively vs. 35.0 ± 0.2 mmHg in the 

sham-sham group, P<0.001). During recovery, the blood gas and glucose/lactate values were 

similar between asphyxia-vehicle and asphyxia-hAEC groups (Table 7). 

Cardiovascular responses  

The heart rate and blood pressure responses to umbilical cord occlusion did not differ between 

asphyxia groups. Cord occlusion was characterised by profound bradycardia and hypotension; 

asphyxia-vehicle 52.9 ± 2.5 bpm and 10.9 ± 1.2 mmHg, asphyxia-hAEC 45.9 ± 2.4 bpm and 

9.5 ± 0.9 mmHg, sham-sham, 205 ± 4.1 bpm and 35 ± 0.3mmHg, (both P<0.05 vs. the sham-

sham group).  
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During recovery, MAP was elevated, with pressure peaking at 1 hour post-occlusion 

(asphyxia-vehicle, 42.4 ± 1.6 mmHg, asphyxia-hAEC, 42.4 ± 1.6 mmHg, sham-sham, 35 ± 

0.3mmHg (P<0.05, Figure 6.1)). MAP was further significantly elevated in both asphyxia 

groups between 6 h and 40 h, after which groups did not differ until the end of experiment, 

diurnal rhythm was re-established at day 4. During recovery, FHR was significantly lower in 

both asphyxia groups during the second hour but groups did not differ otherwise (P<0.05, 

Figure 6.1). FHR returned to diurnal rhythm by 72 hours and remained that way until the end 

of experiment. 
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-1 hour 5 min 17 min +10 min 1 hour 2 hours 

pH Sham 7.36±0.01 7.36±0.01 7.36±0.01 7.37±0.01 7.36±0.01 7.36±0.01 

 
Asp-Veh 7.36±0.00 7.03±0.01* 6.85±0.01* 7.15±0.02* 7.26±0.02* 7.28±0.02* 

 
Asp-hAEC 7.37±0.01 7.09±0.02* 6.86±0.01* 7.12±0.03* 7.26±0.02* 7.30±0.02* 

paCO2  Sham 48.8±1.0 46.6±1.5 45.9±1.3 44.0±1.3 46.1±1.1 47.3±1.6 

(mmHg) Asp-Veh 49.4±1.4 102.1±2.6* 134.5±11.0* 53.6±2.0* 46.7±0.8 47.1±1.1 

 
Asp-hAEC 49.9±1.4 95.0±4.0* 137.6±4.9* 62.0±7.1* 48.2±1.1 48.3±1.1 

paO2  Sham 25.5±1.1 25.2±1.3 24.4±1.2 25.0±0.6 25.1±1.3 25.1±1.3 

(mmHg) Asp-Veh 25.7±1.1 7.5±0.8* 10.1±1.4* 34.9±1.1* 32.1±1.0* 28.2±1.2 

 
Asp-hAEC 22.6±0.9 7.1±0.6* 9.9±1.0* 31.0±1.3* 29.0±1.7* 24.1±1.1 

Lactate  Sham 0.9±0.1 0.9±0.1 0.9±0.1 0.9±0.1 0.9±0.1 1.0±0.1 

(mMol/L) Asp-Veh 0.9±0.1 4.1±0.2* 6.0±0.4* 6.5±0.3* 5.7±0.4* 5.4±0.6* 

 
Asp-hAEC 1.0±0.1 3.8±0.2* 6.4±0.4* 6.7±0.3* 5.8±0.4* 5.5±0.6* 

Glucose  Sham 1.2±0.1 1.0±0.1 1.0±0.1 1.0±0.1 1.0±0.1 1.2±0.0 

(mMol/L) Asp-Veh 1.0±0.0 0.4±0.0* 0.6±0.1* 1.6±0.1* 1.5±0.0* 1.4±0.1* 

 
Asp-hAEC 1.0±0.0 0.5±0.0* 0.6±0.1* 16±0.1* 1.5±0.0* 1.4±0.1* 

        

  
4 hours 6 hours 1 days 7 days 14 days 21 days 

pH Sham 7.36±0.01 7.35±0.01 7.36±0.01 7.36±0.01 7.35±0.01 7.34±0.01 

 
Asp-Veh 7.37±0.01 7.4±0.01 7.37±0.01 7.37±0.01 7.35±0.01 7.35±0.02 

 
Asp-hAEC 7.38±0.02 7.4±0.01 7.38±0.01 7.37±0.01 7.35±0.01 7.36±0.02 

paCO2  Sham 43.6±1.6 46.3±1.6 48.7±1.5 51.1±1.9 48.9±1.6 51.1±0.4 

(mmHg) Asp-Veh 48.1±0.8 47±0.7 44.8±1.4 46.8±1.1 48.2±0.8 48.0±1.0 

 
Asp-hAEC 49±1.0 48.2±1.2 46.0±0.9 48.7±1.6 49.1±1.6 50.3±2.5 

paO2  Sham 25.1±0.8 24.7±1.0 24.5±1.2 22.1±1.5 21.5±1.3 19.7±2.0 

(mmHg) Asp-Veh 24.2±1.4 26.5±1.2 29.5±1.0 30.3±1.4* 28.9±1.4* 26.8±1.5* 

 
Asp-hAEC 22.0±1.0 24.2±1.6 27.5±1.3 27.4±1.5* 27.1±1.8* 27.6±1.4* 

Lactate  Sham 1.0±0.1 1.0±0.1 1.0±0.1 1.0±0.1 1.0±0.1 1.1±0.1 

(mMol/L) Asp-Veh 3.7±0.8* 2.5±0.5* 2.1±0.3* 0.9±0.1 0.8±0.0 0.9±0.0 

 
Asp-hAEC 3.7±0.6* 3.0±0.4* 1.6±0.2* 0.8±0.1 0.9±0.1 1.1±0.2 

Glucose  Sham 1.1±0.1 1.1±0.1 1.2±0.0 0.9±0.1 0.8±0.1 0.7±0.1 

(mMol/L) Asp-Veh 1.4±0.1* 1.5±0.0* 1.5±0.2 1.1±0.1 1.0±0.1 0.9±0.0 

 
Asp-hAEC 1.4±0.0* 1.5±0.1* 1.5±0.1 1.1±0.1 0.9±0.1 1.0±0.1 

 

Blood gas values from 1 hour before, until 21 days after UCO, PaCO2, fetal arterial pressure of 

CO2 (mmHg); PaO2, fetal arterial pressure of oxygen (mmHg). Sham-sham group (Sham) 

asphyxia-vehicle group (Asp-Veh), asphyxia-hAEC group (Asp-hAEC), Data given as 

Mean±SEM, *P<0.05 vs. Sham-Con 

 

 

Table 7 Arterial pH, blood gases, lactate and glucose values from 1 hour before, during and 

until 6 hours after umbilical cord occlusion and at weekly time points until 21 days. 
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Figure 6.1 Cardiovascular parameters 24 hours before untill 21 days after asphyxia 

Changes in mean arterial pressure(MAP, Panel A) and fetal heart rate (FHR, Panel B) from 24 hours 

before until 21 days after UCO (data not shown for occlusion). Sham-control, open circles (n=7), 

asphyxia-vehicle, black circles (n=6), asphyxia-hAECs, grey squares (n=6). Data are mean±SEM, for 

hourly intervals from -24 to 504 hours. *P<0.05 vs. sham-control, ANOVA + Tukey’s test. 
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Cortical EEG and SEF 

Cortical EEG power was rapidly suppressed during asphyxia and remained suppressed for the 

duration of the insult. There was no difference in EEG power between asphyxia groups and 

both remained modestly but significantly lower than the sham-control group for the remainder 

of the experiment (P<0.05, Figure 6.2A).  

Cortical SEF was suppressed during asphyxia (data not shown) and remained significantly 

lower than the sham-control group in both asphyxia groups for the first 64 hours (P<0.05, 

Figure, 6.2B). SEF was significantly higher in the asphyxia-vehicle group for the last 30 hours 

(P<0.05). SEF in the asphyxia-hAEC group was not different from either group at the end of 

experiment. 

The baseline distribution of SEF values at 104 days ga was not different between groups 

(Figure 6.3). Sham-controls showed maturation of the distribution of SEF over time, with a 

shift from predominance of higher frequencies at 104 days ga, to a much broader mixture of 

low and high frequencies at 125 days ga, consistent with emerging sleep state cycling.810 

Asphyxia-vehicle was associated with relative loss of higher frequencies after asphyxia at 110 

days ga (P<0.05 vs. sham-controls, Figure 6.3). This was followed by a persistence of the 

higher frequency peak at ~12 Hz that persisted to 125 days ga, with a corresponding reduction 

in the proportion of lower frequency SEFs (P<0.05 vs. sham-controls). The asphyxia-hAEC 

group showed a similar loss of high frequency SEF at 110 days to the asphyxia-vehicle group 

(P<0.05 vs. sham-controls). However, at 115, 120 and 125 days gestation, the asphyxia-hAEC 

group showed attenuation of the large peak in the distribution of SEF values at 12 Hz 

(P<0.05). By 125 days, asphyxia-hAEC group showed a similar pattern of distribution of SEF 

to sham-controls, with significantly reduced proportion of SEF at 11 and 12 Hz than the 

asphyxia-vehicle group and a greater proportion at 8 Hz (P<0.05). 
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Figure 6.2 EEG and SEF  

Changes in electroencephalographic (EEG) power (dB, Panel A) and EEG spectral edge frequency (SEF, 

Hz, Panel B) from 24 hours before until 21 days after UCO (data not shown for occlusion). Sham-

control, open circles (n=7), asphyxia-vehicle, black circles (n=6), asphyxia-hAECs, grey squares (n=6). 

Data are mean±SEM, for hourly intervals from -24 to 0 hours, three hourly from 0 to 72 hours, and 6 

hourly from 6 to 504 hours. *P<0.05 vs. sham-control, ANOVA + Tukey’s test 
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Figure 31 EEG an SEF 24 hours before untill 21 days after asphyxia 

Changes in electroencephalographic (EEG) power (dB, Panel A) and EEG spectral edge frequency (SEF, Hz, Panel 

B) from 24 hours before until 21 days after UCO (data not shown for occlusion). Sham-control, open circles (n=7), 

asphyxia-vehicle, black circles (n=6), asphyxia-hAECs, grey squares (n=6). Data are mean±SEM, for hourly 

intervals from -24 to 0 hours, three hourly from 0 to 72 hours, and 6 hourly from 6 to 504 hours. *P<0.05 vs. sham-

control, ANOVA + Tukey’s test. 
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Figure 6.3 Frequency analysis  

Relative distribution of spectral edge frequency (SEF, %) at 104 (i.e. the 24 h before occlusion), 110, 

115, 120 and 125 days ga. Sham controls show progressive maturation from predominantly higher 

frequency activity, to a much broader distribution by 125 days ga with an increasing proportion of lower 

frequency activity, consistent with emerging sleep state cycling. Asphyxia was associated with initial 

loss of higher frequency SEF at 110 days ga, followed by persistence of the higher frequency peak to the 

end of recordings at 125 days ga, and a reduced proportion of time spent in low frequency compared to 

sham-controls. The asphyxia-hAEC group showed partial restoration of the high frequency peak to 

sham-control values. Sham-control, open circles (n=7), asphyxia-vehicle, black circles (n=6), asphyxia-

hAECs, gray squares (n=6). Data are mean ± SEM. a: sham-control vs both asphyxia groups (P<0.05); b: 

asphyxia-vehicle vs both sham-control and asphyxia-hAEC (P<0.05); c: sham-control vs. asphyxia-

vehicle (P<0.05), ANOVA + Tukey’s test. 

  



Chapter 6: Delayed multi bolus hAECs treatment 

 

151 

 

Seizures  

Both asphyxia groups did not differ in seizure parameters. Seizure onset in the asphyxia-

vehicle group is at 13.4±3.4 h with a total burden of 25.1±5.1 h. Seizure onset is at 9.1±1.4 h 

with a total burden of 28.8±7.2 h in the asphyxia-hAEC group, for details see Table 8. 

Table 8 Seizure analysis  

 

 

Seizure onset (SO), time spent seizing (TSS), seizure burden (SB), average seizure amplitude 

(ASA), average seizure duration (ASD), number of seizures (#). Data are Mean±SEM 
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Figure 6.4 Photomicrographs of hAECs at 3 d and 21 d after intranasal administration 

Photomicrographs of hAECs at 3 days and 21 days after intranasal administration, orange 

area is where hAECs were found. A: hAECs migration up the medial septum 3 days after 

intranasal administration. B: Close up of migrating hAECS. C: at 21 days hAECs were 

found in the white matter parenchyma. All scale bars 50 µm. 

 

Histology 

In the fetus killed 4 days after asphyxia (i.e. 3 days after the intranasal infusion), hAECs were 

observed in the medial septal nucleus. In the main study, small numbers of hAECs were 

observed in all asphyxia-hAEC fetuses in the periventricular white matter 21 days after 

occlusion (Figure 6.4).  
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White matter histology  

Asphyxia was associated with a marked reduction in total white matter area after 21 days 

recovery: 76.7±33.5 mm2 in sham-controls vs. 52.5±24.2 mm2 in the asphyxia-vehicle group 

(P=0.010). The asphyxia-hAEC group showed an intermediate area of 64.0±25.9 mm2 (N.S. 

vs. sham-control or asphyxia-vehicle). There were no significant effects of asphyxia or hAEC 

infusion on total numbers of Olig-2 positive cells compared to sham-control (P=0.25, Figure 

6.5A). In contrast, asphyxia was associated with a significant overall reduction in CNPase 

positive area in the three white matter regions assessed, compared to sham-controls (P<0.001, 

Figure 6.5B). hAEC treatment was associated with an overall increase in CNPase positive area 

vs. asphyxia-vehicle (P=0.003), and a statistically borderline reduction compared to sham-

controls (P=0.05). Further, asphyxia was associated with an overall reduction in the ratio of 

CNPase to Olig-2 positive cells in the white matter to 0.64±0.05 vs. 0.89±0.05 after sham-

occlusion (P=0.003). hAEC infusion was associated with restoration of the ratio to sham-

control values (0.88±0.05 vs. asphyxia-vehicle, P=0.004). Consistent with these findings, 

asphyxia-vehicle was associated with a significant decrease in the area of MBP compared to 

sham-controls (P<0.001, Figure 6.5C). Intranasal hAEC infusion was associated with a 

significant increase in area fraction of MBP (P<0.001 vs asphyxia-vehicle), to sham-control 

values (P=0.13). 

There was no significant effect of asphyxia or hAEC treatment on numbers of GFAP-positive 

astrocytes in the white matter (P=0.11, Figure 6.6A), with no statistical interaction between 

group and region. In contrast, there was an increase in the area fraction of GFAP labelling 

after asphyxia (P<0.001, Figure 6.6B). The asphyxia-hAEC group showed an overall reduction 

in GFAP area fraction (P=0.001 vs. asphyxia-vehicle, Figure 6.6B), to sham-control values 

(P=0.29). Further, asphyxia was associated with markedly increased numbers of Iba-1 positive 

microglia in the white matter (P<0.001 vs. sham-controls, Figure 6.6C). Asphyxia-hAEC was 

associated with reduced numbers of microglia (P=0.002 vs. asphyxia-vehicle, Figure 6.6C), to 

sham control values (P=0.08). 
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Figure 6.5 White matter immunolabeling 21 days after asphyxia. 

Changes in numbers of oligodendrocyte transcription factor 2 (Olig-2)-positive oligodendrocytes (A), 2',3'-

cyclic-nucleotide 3'-phosphodiesterase (CNPase)-positive-area fraction and CNPase-positive oligodendrocytes 

(B) and area fraction of myelin basic protein (MBP) (C) in the intragyral white mater of the first and second 

parasagittal gyri (IGWM1 and IGWM2 respectively) and the periventricular white matter (PVWM) 21 days 

after asphyxia. Sham-control group, white (n=7), asphyxia-vehicle group, black (n=6) and asphyxia-hAEC 

group, striped (n=6). Photomicrographs of Olig-2-positive cells (D), CNPase-positive oligodendrocytes (E) and 

MBP staining (F) in the PVWM. The inserts show enlargement of the boxed area, with intact cells indicated by 

arrows. Asphyxia was not associated with any change in numbers of Olig-2-positive cells, but was associated 

with a significant reduction in CNPase and MBP, which was attenuated by hAEC treatment. Data are mean ± 

SEM. *P<0.05 vs sham-control, #P<0.05 vs asphyxia-vehicle, ANOVA + Tukey’s test. Scale bar = 50 

µm.Tukey’s. 
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Figure 6.6 Immune cells in the white matter 21 days after asphyxia 

Changes in anti-glial fibrillary acidic protein (GFAP)-positive astrocytes (A), GFAP-positive area fraction 

(B), and ionized calcium binding adaptor molecule 1 (Iba-1)-positive microglia (C) in the intragyral white 

mater of the first and second parasagittal gyri (IGWM 1 and IGWM 2, respectively) and the periventricular 

white matter (PVWM). Sham-control group, white bars (n=7), asphyxia-vehicle group, black bars (n=6) 

and asphyxia-hAEC group, striped bars (n=6). Photomicrographs from the IGWM of GFAP (D) and Iba-1-

positive microglia (E). Asphyxia was associated with a significant increase in GFAP-positive astrocyte 

numbers and area and numbers of Iba-1-positive microglia. hAEC treatment significantly attenuated this 

increase in GFAP-positive astrocytes and Iba-1-positive microglia. Arrows show GFAP-positive or Iba-1-

positive cells, respectively. Data are mean ± SEM. *P<0.05 vs sham-control, #P<0.05 vs asphyxia-vehicle, 

ANOVA + Tukey’s test. Scale bar = 50 µm. 
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Cortical histology 

Asphyxia was associated with a marked reduction in total cortical area after 21 days recovery, 

from 92.1±30.6 mm2 in sham-controls to 73.9±35.7 mm2 in the asphyxia-vehicle group, 

(P=0.015). The asphyxia-hAEC group showed an intermediate area of 85.2±25.8 mm2 (N.S. 

vs. either sham-control or asphyxia-vehicle). There was no significant overall difference in 

numbers of cortical neurons between groups (Figure 6.7A). Asphyxia was associated with 

reduced synaptophysin staining compared to sham-controls (P=0.001, Figure 6.7B), with no 

difference between asphyxia-hAECs and asphyxia-vehicle (P=0.37).  

Further, numbers of caspase-3 positive apoptotic cells were increased after asphyxia compared 

to sham-controls (P<0.0001, Figure 6.7C), and reduced by hAEC treatment (P<0.0001 vs. 

asphyxia-vehicle). There was a statistical interaction between region and group (P=0.049), 

such that post-hoc tests suggested greater residual caspase-3 induction in the asphyxia-vehicle 

group in the lateral cortex compared with the other cortical regions.  

Asphyxia was also associated with a small increase in numbers of Iba-1 positive microglia in 

the cortex compared to sham-controls (P=0.003, Figure 6.7D). hAEC treatment was associated 

with a statistically borderline reduction in cortical microglia (P=0.05 vs. asphyxia-vehicle), to 

sham-control levels (P=0.40 vs. sham controls). Post-hoc testing suggested that hAEC 

treatment was associated with intermediate numbers of microglia in the parasagittal cortex that 

were not significantly different from sham or asphyxia-vehicle, but a significant reduction in 

the lateral cortex (P=0.036 vs. asphyxia-vehicle, Figure 6.7D). Similarly, the intensity of 

TNFα staining was increased in the cortex after asphyxia (P<0.008, Figure 6.7E), which was 

significantly reduced in the asphyxia-hAEC group (P<0.022 vs asphyxia-vehicle), to sham-

control values (P=0.86).  
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Figure 6.7 Immunolabeling in the cortex 21 days after asphyxia 

Changes in neuronal nuclear antigen (NeuN)-positive neuronal number (A), synaptophysin (Synap) intensity 

(B), cleaved-caspase-3-positive (CC-3) cells (C), ionized calcium binding adaptor molecule 1 (Iba-1)-positive 

microglia (D) and tumor necrosis factor (TNF)-α intensity (E) in the cortex. Sham-control group, white bars 

(n=7), asphyxia-vehicle group, black bars (n=6) and asphyxia-hAEC group, striped bars (n=6). 

Photomicrographs of NeuN-positive neurons (F), synaptophysin intensity (G), Iba-1-positive microglia (H) 

and TNF intensity (I) in the first parasagittal gyrus (1 PSG). Asphyxia was not associated with significant loss 

of cortical neurons, but was associated with significant reduction in synaptophysin intensity and increased 

numbers of CC-3-positive cells. hAEC administration was associated with significant attenuation of numbers 

of CC-3-positive apoptotic cells in the 1 PSG and LC (lateral cortex), but no significant effect in the 2 PSG 

(second parasagittal gyrus) or on synaptophysin staining in all areas assessed. Asphyxia was associated with 

an increase in Iba-1-positive microglia, which was partially attenuated by hAEC treatment. Data are mean ± 

SEM. *P<0.05 vs sham-control, #P<0.05 vs asphyxia-vehicle, ANOVA + Tukey’s test. Scale bar = 50 µm 
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Basal ganglia histology 

Asphyxia was associated with loss of neurons in the caudate nucleus and the putamen of the 

striatum compared to sham-controls (P=0.02, Figure 6.8A). hAEC treatment was associated 

with improved neuronal survival (P=0.035 vs asphyxia-vehicle), which on post-hoc testing 

was significant in the putamen (P=0.047), with no statistically significant change in the 

caudate nucleus. Asphyxia was associated with an overall increase in striatal Iba-1 positive 

microglia (P<0.0001, Figure 6.8B). This was reduced by hAEC treatment (P<0.0001 vs 

asphyxia-vehicle), to sham-control values (P=0.24). Further, asphyxia was associated with 

increased numbers of cleaved caspase-3-positive apoptotic cells compared to sham-controls in 

both the caudate nucleus and putamen (P<0.0001, Figure 6.8C), which was reduced in the 

asphyxia-hAEC group (P=0.02 vs asphyxia-vehicle), and was not significantly different from 

sham-controls (P=0.08).  
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Figure 6.8 Immunolabeling in the striatum 21 days after asphyxia 

Change in numbers of neuronal nuclear antigen (NeuN)-positive neurons (A), ionized calcium binding 

adaptor molecule 1 (Iba-1)-positive microglia (B) and cleaved caspase-3 (CC-3)-positive apoptotic cells (C) 

in the caudate nucleus and the putamen of the striatum. Sham-control group, white bars (n=7), asphyxia-

vehicle group, black bars (n=6) and asphyxia-hAEC group, striped bars (n=6). Photomicrographs of NeuN-

positive neurons (D), Iba-1-positive microglia (E) and CC-3-positive cells (F), in the caudate nucleus of 

striatum. Asphyxia was associated with a significant reduction in NeuN-positive neurons, increased Iba-1-

positive microglia and increased CC-3-positive apoptotic cells in the caudate nucleus and putamen. hAEC 

administration increased NeuN-positive neurons overall, which was significant on posthoc testing in the 

putamen, with a corresponding reduction of CC-3-positive apoptosis and Iba-1-positive microglia in both 

nuclei. Data are mean ± SEM. *P<0.05 vs sham-control, #P<0.05 vs asphyxia-vehicle, ANOVA + Tukey’s 

test. Scale bar = 50 µm. 
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Overall hAEC treatment improved EEG architecture as well as restoring normal 

oligodendrocyte maturation, reducing neuronal cell death and initiating an improvement of 

grey matter connectivity. Furthermore, astrogliosis, microglial infiltration and TNFα 

expression were all significantly reduced in the hAEC treatment group when compared to the 

asphyxia vehicle group. A summary of the histological data can be found in Table 9.  

 

Table 9 Summary of Histology 
 

Stained for 

 

 

 

Area 

 

 

 

Sig reduced after 

asphyxia 

 

 

Sig increased after 

asphyxia 

 

 

Restoration with 

hAECs 

 

No effect of 

 hAECs 

 

neurons  cortex 

  

 x 

 

striatum x 

 

x  

 

thalamus 

  

  

apoptosis cortex 

 

x x  

 striatum x  x  

synapses cortex x 

 

  

pre-OL IG-, PV-WM 

  

 x 

mature OL IG-, PV-WM x 

 

x  

myelin IG-, PV-WM x 

 

x  

microglia IG-, PV-WM 

 

x x  

 striatum  x x  

astrogliosis IG-, PV-WM 

 

x x  

TNFα cortex 

 

x x  
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Discussion  

The most common pathological substrate of long-term disability in preterm infants is diffuse 

white matter loss and long-term myelination failure,875 with reduced cortical and subcortical 

grey matter volumes.297, 876 Neurodevelopmental outcomes are independently correlated with 

the magnitude of both white matter and grey matter deficits.307 At present, there are no specific 

treatments to prevent injury or subsequent impaired neurodevelopment. In the current study, 

we demonstrate for the first time that delayed, repeated intranasal infusion of human amnion 

epithelial cells, after asphyxia in utero, increased the proportion of more mature 

oligodendrocytes and improved myelination in the white matter tracts, reduced neuronal loss 

in striatal nuclei, and partially alleviated loss of brain weight and cortical and white matter 

area after 21 days recovery. Improved maturation of white matter was associated with reduced 

astrogliosis and microgliosis, reduced expression of the inflammatory mediator TNF, and 

suppression of caspase-3 positive apoptosis. These findings suggest that delayed treatment 

with hAECs can attenuate white matter dysmaturation, inflammation, and ongoing low level 

apoptosis in both white and grey matter.  

The model of asphyxia induced by acute umbilical cord occlusion used in this study led to a 

clinically relevant pattern of preterm brain injury characterized by diffuse white matter loss 

without focal necrosis, subcortical grey matter loss and evolving impairment of cortical 

development, consistent with the clinical pattern of injury after acute perinatal asphyxia on 

magnetic resonance imaging.877 We now report that this paradigm leads to a chronic reduction 

in the area of white matter, with hypomyelination and reduced area fraction and proportion of 

immature/mature (CNPase-positive) oligodendrocytes despite no changes in total (Olig-2-

positive) oligodendrocytes. These changes are consistent with impaired maturation of 

oligodendrocytes.875 Importantly, this occurs despite complete resolution of the insult so that 

fetuses matured in a stable, normoxic environment.  

We have previously reported that this paradigm triggers acute loss of pre-oligodendrocytes 

three days post-asphyxia, but that new cells proliferate to restore total numbers of 

oligodendrocytes by day seven.85, 87, 103 Similarly, after reversible cerebral ischemia in preterm 

fetal sheep, Riddle and colleagues reported that numbers of pre-oligodendrocyte recover in the 

first week and can double in two weeks,276 but pre-myelinating oligodendrocytes were 

significantly reduced over the same period. These findings suggest that pre-oligodendrocytes 

undergo active restorative proliferation after an hypoxic-ischemic insult in utero, but may fail 

to differentiate into myelin producing cells.273, 276, 279, 459 We now show that repeated intranasal 
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hAEC administration improved both the proportion of mature oligodendrocytes, and restored 

myelination to near sham control levels.  

The precise mechanisms of maturational arrest are not known,875 but likely include excessive 

accumulation of hyaluronic acid produced by reactive astrocytes,273, 455 chronic microglial 

activation, and changes in the cell cycle of oligodendrocyte progenitors.878 The present study 

is consistent with this, as the improved maturation of white matter tracts seen after hAECs 

treatment was closely associated with attenuation of the chronic microgliosis and astrogliosis. 

Astrocytes and microglia are important regulators of normal development of oligodendrocyte 

precursor cells and myelination 879 and contribute to brain recovery in part though the neuro-

restorative aspects of the innate immune system.880 However, they also contribute to 

impairment of oligodendrocyte maturation.49, 273, 459, 879  

Both microglia and astrocytes release pro-inflammatory mediators, including TNFα as 

observed in this study, in addition to interleukins and interferon signaling proteins.879, 881 

Preterm infants who develop white matter injury have high levels of IL-1β, IL-6 and TNFα in 

the amniotic fluid,882 plasma and cerebrospinal fluid at birth.462 Elevated levels of TNFα and 

other inflammatory markers in preterm infants 21-28 days after birth are correlated with 

impaired brain development and adverse neurodevelopmental outcomes at 2 and 10 years of 

age.482, 483, 849 The mechanisms mediating persistent inflammation are multifactorial. Some 

infants are exposed to repeated inflammatory stimuli,189 and thus there is a failure to remove 

the stimulus. For others, the biological cues that signal inflammation resolution both centrally 

and peripherally may be inadequate or interrupted, leading to chronic non-resolving 

inflammation.883, 884 

hAEC infusion into the lungs of newborn immature lambs before ventilation, down-regulated 

both microglia and astrocytes, as well as levels of TNFα during inflammation induced by 

LPS,126, 885 and microglial activation in intragyral, but not periventricular white matter.127 

Similarly, in a mouse model of autoimmune encephalomyelitis, hAECs suppressed both 

specific and non-specific T-cell proliferation, decreased pro-inflammatory cytokine 

production, and inhibited the activation of stimulated T-cells.133 hAECs also modulate 

macrophage recruitment and promote transition of macrophages from the potentially 

deleterious M1 to the beneficial M2 phenotype in liver 692 and lung injury.675 Collectively 

these data support the hypothesis that hAECs provide protection by moderating both central 

and peripheral immune responses.  
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In this study, asphyxia did not affect cortical neuronal density, but was associated with 

reduced brain weight and cortical area and neuronal loss in the caudate nucleus and putamen 

of the striatum, with microgliosis and ongoing upregulation of caspase-3 positive apoptosis in 

both the cortex and subcortical nuclei. The first of the three doses of hAECs were 

administered 24 hours after asphyxia, demonstrating that at least some cell loss is still 

potentially reversible well outside the therapeutic window for treatment with hypothermia in 

the same paradigm as used here,84 through additional active mechanisms supported by hAECs. 

Alternatively, there is evidence that exogenous stem cells can promote endogenous precursors 

and so might play a role in neurorestoration.886 Prematurity is associated with reduced volume 

and complexity of cerebral cortical grey matter, and reduced size of the thalamus, 

hippocampus and brainstem nuclei, at term-equivalent and later, as previously reviewed.281 

Since the preterm cortex is consistently spared from acute injury, both clinically,870, 887 and 

experimentally,87, 174 the long-term maldevelopment is proposed to involve secondary 

mechanisms such as loss/disruption of neural transmission, leading to secondary cell loss and 

simplification of neural architecture.27 

Although therapeutic hypothermia is not currently clinically established for treating preterm 

HIE, it is likely that the combination of early hypothermia to suppress evolving cell death,84 

with delayed hAEC treatment to promote normalization of neural maturation, as suggested by 

the present study, might be particularly beneficial or allow a wider window of opportunity for 

treatment. This is a significant consideration for preterm brain injury as the timing of injurious 

events is often unclear, and may begin before birth.27 Moreover, there is some evidence that 

hypothermia alone may be less effective after infection-sensitized hypoxia-ischemia in 

neonatal rats.888 Given the high rate of exposure of preterm infants to 

infection/inflammation,49 the combination of hypothermia with interventions such as hAECs 

that have anti-inflammatory properties may be particularly beneficial. 

In absolute terms, the total number of cells undergoing apoptosis after three weeks was 

relatively low; however, there was still increased apoptosis defined by a combination of 

caspase-3 expression and the presence of apoptotic bodies compared to sham-control. This 

finding supports the hypothesis that upregulation of physiological apoptosis contributes to the 

long-term impairment of brain growth after preterm brain injury. In the developing brain 

damaging low-grade inflammation may be triggered by this cell death, while conversely, 

activated glia down-regulate trophic factors required for survival, proliferation and 

maturation.49, 469, 485 Thus, at least in part, hAECs likely improved neuronal survival by 

promoting local trophic factor release.121, 133 For example, in previous studies, lipoxin A4 
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released by hAECs triggered expansion of regulatory T cells and limited inflammatory 

infiltration.889 Supporting this, other studies have found that lipoxin A4 inhibits microglial 

activation,890 and can regulate neural stem cell proliferation and differentiation.891  

There is increasing experimental evidence that intranasal administration, as tested here, is an 

effective and relatively non-invasive route of administration.892 The barrier between the nasal 

cribriform plate and the brain parenchyma is minimal, and so allows cells to move up the 

olfactory nerves towards the areas of injury, possibly though tracking of the chemokine 

stromal derived factor.893 In rats, it has been shown that intranasal administration allows rapid 

dispersion throughout the brain and into the brain stem within 4 hours.893 Clinically non-cell 

treatments are already routinely administered intranasally, and offer better accumulation in the 

brain or CSF.894 Naturally, the absolute distance traveled is smaller in rodents than it would be 

in humans and the human olfactory track is not as well developed as in sheep. However, the 

present study in a large animal paradigm offers encouraging proof of principle that it may be 

worth exploring in humans.  

Treatment was delayed until 24 hours after asphyxia in the present study to test a realistic 

delay for diagnosis and evaluation. Studies using other stem cell types support the potential for 

very delayed treatment. In term equivalent mice, MSCs given intranasally as a single dose of 

0.5x106 at 10 days after hypoxia-ischemia could improve outcomes assessed at 9 months,895 

but treatment was less beneficial if delayed to 17 days.809 Similarly, bone-derived 

mesenchymal stem cells given to neonatal rats at one week after hypoxia-ischemia at postnatal 

day 7 improved numbers of striatal medium-spiny projection neurons at 90 days, and much 

higher doses (750,000–1,000,000 MSCs vs 85,000–120,000 MSCs per animal) were 

associated with behavioural improvements.646 In preterm fetal sheep, a single bolus dose of 

multipotent adult progenitor cells, mesenchymal stem cells or cord blood cells given 

immediately or 12 hours after asphyxia reduced white matter loss at 7 to 10 days,881, 896, 897 but 

when treatment with cord blood cells was delayed to 5 days it was not beneficial.881 Repeated 

administration of stem cells, as tested in the present study, is likely to be important for optimal 

benefit. In postnatal day 9 rats, a single intracerebral injection of mesenchymal stem cells 

three days after hypoxia-ischemia improved sensorimotor function and reduced infarct size,862 

but a second injection of cells 10 days after hypoxia-ischemia further enhanced sensorimotor 

improvement and promoted recovery of staining for myelin basic protein and microtubule-

associated protein 2, which is expressed by neurons, and may have enhanced axonal 

remodeling.862 
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In conclusion, the present study is the first to demonstrate that delayed repeated intranasal 

doses of human amnion epithelial cells is associated with improved white matter maturation 

and reduced neuronal injury in a large animal, translational model of asphyxia. hAECs have 

advantages over other stem cell types in that they are readily available with low ethical 

concern regarding harvesting, and are non-tumorigenic and non-immunogenic. Further studies 

are required to directly assess the impact of cell therapy on long-term neurological recovery, to 

determine the window of opportunity for delayed treatment after different insults, and to 

optimize hAEC treatment for perinatal HIE at different ages and for other types of insults. 

Nevertheless, this study demonstrates that human amnion epithelial cells have potential 

clinical utility to help promote normalization of brain development after preterm birth. 
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Chapter 7: Acute administration of hAECs in 
near-term fetal sheep after cerebral 
ischaemia 

Introduction 

Hypoxic-ischaemic encephalopathy (HIE) at birth occur in 2-3/1000 live births in high 

resource settings, and is associated with high mortality and morbidity in survivors including 

lifelong physical and mental disabilities, with the incidence of neurological morbidity in 

infants born with a pH < 7.0 being around 25%.898, 899 Therapeutic hypothermia (TH) is now 

established as a neuroprotection treatment for term infants with HIE.605, 900 However, while 

pre-clinical trials demonstrated that TH is associated with significant protection in treated 

animals, evaluation of clinical trials has shown that 45% of infants who receive mild 

therapeutic hypothermia still die or survive with disability.605, 900 This discrepancy between 

clinical and preclinical outcomes may relate to the timing of treatment onset, relative to the 

timing of the insult.81, 605, 900 Animal studies demonstrated that for TH to be effective required 

the initiation of treatment within 6 hours after the end of the HI insult, with earlier being 

better, and needs to be continued for around three days.605, 833 However, many infants may be 

exposed to an HI well before birth, and therefore beyond the therapeutic window for treatment 

by the time they are born or born outside treatment centers or with acute needs that delay TH 

initiation. Thus, new stand-alone and additive therapies are required.605, 900 

Stem cells have the potential to be neuroprotective through a variety of mechanisms including 

immunomodulation, which may help reduce injurious inflammation, and through promoting 

the release of factors such as neurotrophins, which are neuroprotective, and that can promote 

proliferation, maturation, and differentiation of new cells.120, 123, 624, 746 Stem cells may also be 

able to extend the window of opportunity from the current 6 hours for TH implementation, to 

anywhere from 24 hours to 14 days after the initial insult.809  

Human amniotic epithelial cells (hAECs) have many benefits over other types of cells, 

including being widely available, ethically acceptable, can be quickly harvested in clinically 

relevant and are immune privileged and non-tumorigenic.123, 125, 836-838 hAECs have been 

shown to reduce injury and improve functional outcomes in adult stroke models. To date, 

hAECs have not been examined after a perinatal ischemic insult in the near-term fetal sheep; 

however, they have been shown to reduce injury in other modalities.846, 859 In near-term fetal 
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sheep, hAECs given 0, 6 and 12 hours after fetal LPS exposure126 and to preterm sheep fetuses 

daily starting a day after first LPS exposure,128 significantly reduced microglial infiltration, 

pyknotic cells, apoptosis and oligodendrocyte loss. HAECs given to postnatal day 4 mice after 

prenatal LPS exposure and post-natal hyperoxia was also associated with reduced apoptosis 

and astrocytes and increased activated microglia.860  

In this study, we examined the hypothesis that hAECs given i.v. to near-term fetal sheep at 2 

hours after cerebral ischemia would confer both grey and white matter protection as evaluated 

at 7 days post-ischemia. The neural maturation of 0.85 ga fetal sheep is broadly equivalent to 

term brain maturation in human development.785, 786 For the purpose of this thesis it is noted 

that this study is incomplete, and thus the data are preliminary. 

Methods  

Women gave written, informed consent for the collection of their placentae, and all procedures 

conformed to the standards set by the Declaration of Helsinki. Human amnion epithelial stem 

cells were collected from the placentae of women with uncomplicated pregnancies undergoing 

elective caesarean section at term. Tissue collection was performed with approval from the 

Monash Health Human Research Ethics Committee, Monash, Melbourne, Australia.  

All animal procedures were approved by the Animal Ethics Committee of the University of 

Auckland. Time-mated Romney/Suffolk fetal sheep were instrumented using sterile technique 

at 124-126 days ga (term is 145 days).345, 901 Ewes were anesthetised by intravenous injection 

of propofol (5 mg/kg, AstraZeneca Limited, Auckland, NZ), followed by 2-3% isoflurane in 

oxygen. Ewes received a constant infusion isotonic saline drip during surgery and 1 mL/10 kg 

oxytetracycline (200 mg/mL, Phoenix Pharm Distributors ltd., Auckland, NZ) i.m. for 

prophylaxis just prior to surgery. 

The fetus was partially exposed after maternal midline abdominal and uterine incision, and the 

brachial arteries and brachial veins were catheterized with polyvinyl catheters to allow for 

mean arterial blood pressure monitoring and preductal blood sampling and infusions. An 

amniotic catheter was secured to the fetal shoulder. Electrocardiogram (ECG) electrodes 

(Cooner Wire Co., Chatsworth, California, USA) were sewn across the fetal chest to record 

fetal heart rate. The carotid anastomoses were ligated, and occluder cuffs were placed around 

both common carotid arteries as previously described.793 An ultrasonic flow probe (3S type, 

Transonic Systems Inc.) was placed around the right carotid artery as to provide an index of 
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cephalic blood flow.841, 842 Two pairs of electrodes were implanted biparietally to record brain 

electroencephalographic (EEG) activity and seizures, a pair of impedance electrodes were 

placed 5 mm lateral of the EEG to measure cortical impedance (Cooner Wire Co., Chatsworth, 

California, USA). The uterus was then closed and antibiotics (80 mg Gentamicin, Pharmacia 

and Upjohn, Rydalmere, New South Wales, Australia) were administered into the amniotic 

sac. The maternal laparotomy skin incision was infiltrated with a local analgesic, 10 mL 0.5% 

bupivacaine plus adrenaline for analgesia (AstraZeneca Ltd., Auckland, NZ). All fetal 

catheters and leads were exteriorised through the maternal flank. The maternal long saphenous 

vein was catheterised for post-operative care and euthanasia.  

Post-operative care  

Sheep were housed together in separate metabolic cages with access to food and water ad 

libitum. They were kept in a temperature-controlled room (16 ± 1°C, humidity 50 ± 10%), in a 

12 hour light/dark cycle. Antibiotics were given daily for four days i.v. to the ewe (600 mg 

benzylpencillin, Novartis Ltd, Auckland, NZ, and 80 mg Gentamicin, Pharmacia and Upjohn). 

Fetal catheters were maintained patent by continuous infusion of heparinised saline (20 U/mL 

at 0.15 mL/h) and the maternal catheter maintained patent by daily flushing. 

Experimental protocol 

On day 129±1 of gestation, fetuses were randomly assigned to one of the following groups: 

sham-sham group (n=7), asphyxia-vehicle group (n=5), asphyxia-hAEC group (n=5). Fetal 

ischemia was induced by completely occluding both carotids for 30 minutes. Successful 

occlusion was determined by rapid onset isoelectric EEG, and a rise in cortical impedance at 

proximately 5 min. All occlusions were started in the morning between 9 and 9.30am.  

Fetal arterial blood samples were collected at 1 hour before, and 2, 4 and 6 hours after the end 

of occlusion. Then samples were taken daily thereafter between 8 and 9 am. Fetal pre-ductal 

pH, PaCO2, PaO2 (Ciba-Corning Diagnostics 845 blood gas analyzer and co-oximeter, 

Massachusetts, USA), and glucose and lactate (YSI model 2300, Yellow Springs, Ohio, USA) 

measurements were made. The intravenous bolus of 52.7±6.5*106 cells suspended in 2 mL 

sterile PBS was administered 2 hours after occlusion termination and the catheter flushed with 

a further 3 mL. Ischaemia-vehicle fetuses received the same volume of saline at the same time. 

Cell preparation 

The tissues were prepared as previously published in a methods paper by Murphy et al 655 The 

hAECs were provided by the Monash Institute Melbourne and delivered frozen. Before 
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administration cells were defrosted and placed in culture overnight. Cells were then removed 

from culture washed and assessed for number and viability before 52.7±6.5*106 cells were 

suspended in 2 mL sterile PBS for administration.753  

Immunohistochemistry  

The fetal brains were perfusion fixed with 10% phosphatebuffered formalin at day 7. Slices 

(10 mm thick) were cut using a microtome (Leica Jung RM2035, Wetzlar, Germany). Two 

slides per animal were used to quantify cell numbers. Neurons were assessed in three areas of 

the cortex, five areas in the striatum and thalamus and in the CA1, CA2/3, CA4 and DG of the 

hippocampus. Oligodendrocytes and microglia were assessed in the intragyral and 

periventricular white matter. Slides were stained for oligodendrocytes, neurons, and microglia 

as previously described. 843 Light microscopy was used for image acquisition at x40 or x20 

magnification on a Nikon 80i microscope with a motorized stage. Cell number was averaged 

between left and right hemispheres of 2 slides for statistical analysis and graphing 

Data analysis 

Fetal parameters were recorded continuously from 24 hours before, until the end of the 

experiment. Data were processed using the programme Labview (National Instruments, 

Austin, Texas, United States) and raw and one minute averaged data were stored to computer 

disk, these were averaged into hourly Means ± SEM for statistical analysis and graphing. 

Seizures were quantified as total minutes per hour as previously described 424. The 

maturational impact of injury and hAEC treatment was established by taking minute averages 

of the SEF during the last day of experiment and quantifying the relative time spent within 

each frequency band. Maturational development, as assessed by the proportion of time spent 

within specific frequency bands, was compared between the sham-sham groups. 

Statistics 

Data were compared between groups using repeated measures or one-way analysis of variance 

(ANOVA) followed by the least significant difference post hoc tests when a significant effect 

of group was found (SPSS v22, SPSS Inc., Chicago, Illinois, United States). Statistical 

significance was accepted at P <0.05. Data are mean ± standard error of the mean (SEM). 
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Results 

General group information 

The sex distribution was similar between the sham-sham group (five females, two males), 

ischaemia-vehicle group (three female, two males) and the ischaemia-hAEC group (four 

females, one male). Body weight at the end of experiment did not differ significantly between 

groups, sham-sham (4325±238 g), ischaemia-vehicle group (3959±192 g), and the ischaemia-

hAEC group (4020.8±280 g).The baseline blood gases, acid-base and glucose-lactate values 

for all fetuses were in the normal range by our laboratory standards and did not significantly 

differ between groups (Table 10). Carotid occlusion resulted in a rapid drop in CaBF, active 

suppression of EEG power and SEF and a delayed rise in IMP. There were no differences 

between occlusion groups during or immediately after occlusion.  

Physiological parameters  

The groups did not differ in base line parameters. There was a significant increase in MAP and 

FHR the first hour after cessation of carotid occlusion in both the ischaemia-vehicle and 

ischaemia-hAEC group (P<0.05, Figure 7.1). This was accompanied by a drop in CaBF, but 

this was not significant. Furthermore, between 12 and 30 hours ischaemia groups had a 

slightly elevated MAP, which coincided with seizure activity, this also was reflected in the 

CaBF but again this was not significant (Figure 7.1). 
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Table 10 Arterial pH, blood gases, and glucose and lactate levels 

    -60 min 2 Hrs 4 Hrs 6 Hrs 1d 2d 3d 4d 5d 6d 7d 

Sham pH 7.38 ± 0.01 7.38 ± 0.01 7.38 ± 0.01 7.39 ± 0.01 7.38 ± 0.01 7.37 ± 0.01 7.37 ± 0.01 7.36 ± 0.01 7.35 ± 0.01 7.34 ± 0.01 7.35 ± 0.01 

Ischae   7.4 ± 0.01* 7.39 ± 0.01 7.41 ± 0.01 7.40 ± 0.01 7.38 ± 0.02 7.39 ± 0.01 7.37 ± 0.01 7.37 ± 0.01 7.37 ± 0.01 7.37 ± 0.01 7.37 ± 0.01 

hAEC   7.34 ± 0.03*# 7.32 ± 0.03* 7.33 ± 0.03# 7.35 ± 0.02# 7.35 ± 0.02 7.35  0.01 7.34 ± 0.01 7.31 ± 0.01*# 7.33 ± 0.01# 7.33 ± 0.02# 7.35 ± 0.01 

Sham PaCO2  48.8 ± 4.3 47.4 ± 2.8 48.8 ± 1.5 47.3 ± 0.1 47.2 ± 1.1 48.3 ± 1.3 46.4 ± 1.2 48.7 ± 0.7 50.3 ± 0.5 49.5 ± 1.8 46.8 ± 0.1 

Ischae (mmHg) 44.6 ± 1.4 42.6 ± 1.6 43.4 ± 1.4 44.9 ± 1.9 44.4 ± 2.7 44.1 ± 1.3 44.5 ± 1.9 45.5 ± 1.2 46.7 ± 1.9 46.7 ± 1.6 49.4 ± 1.9* 

hAEC   55.3 ± 1.3*# 52.3 ± 1.3*# 53.1 ± 1.2*# 54.0 ± 1.0*# 54.2 ± 0.8*# 52.8 ± 1.3*# 53 ± 1.3* 54.2 ± 1.2* 51.8 ± 1.4 55.5 ± 1.2* 53.9 ± 1.0* 

Sham PaO2  21.4 ± 0.3 21.6 ± 1.2 21.2 ± 1.1 20.9 ± 1.2 20.1 ± 1.3 22.6 ± 3.1 22.2 ± 2.9 22.9 ± 2.2 24.3 ± 3.6 26 ± 2.7 23.7 ± 2.2 

Ischae (mmHg) 26.0 ± 1.1 25.8 ± 1.2 25.9 ± 1.3 25.4 ±1.9 25.0 ± 2.0 24.6 ±1.5 26.7 ± 1.6 25.5 ± 1.9 26.0 ± 1.9 24.7 ± 1.4 22.9 ± 1.1 

hAEC   22.9 ± 1.3 20.6 ± 1.2 20.1 ± 0.6 20.6 ± 1.0 19.1 ± 1.2 19.5 ± 1.4 26.9 ± 1.0 26.6 ± 0.9 24.8 ± 1.2 24.3 ± 1.2 24.2 ± 0.8 

Sham Lactate  0.9 ± 0.2 1.0 ± 0.2 1.2 ± 0.0 1.2 ± 0.1 1.0 ± 0.1 1.0 ± 0.2 0.9 ±0.4 1.0 ± 0.2 0.8 ± 0.2 0.8 ± 0.3 0.8 ± 0.4 

Ischae (mMol/L) 1.1 ± 0.1 2.4 ± 0.5 2.3 ± 0.5 2.1 ± 0.4 4.7 ± 1.1* 0.9 ± 0.1 1.0 ± 0.1 1.1 ± 0.1 1.1 ± 0.1 1.1 ± 0.1 1.2 ± 0.1 

hAEC   1.2 ± 0.1 3.8 ± 0.7 3.9 ± 0.8 3.5 ± 0.7 2.5 ± 0.7* 2.6 ± 0.7 0.8 ± 0.1 0.8 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 

Sham Glucose  0.6 ± 0.3 0.6 ± 0.2 0.8 ± 0.2 0.8 ± 0.2 0.8 ± 0.2 0.7 ± 0.1 0.6 ± 0.3 0.6 ± 0.1 0.6 ± 0.2 0.6 ± 0.1 0.5 ± 0.2 

Ischae (mMol/L) 1.0 ± 0.1 1.3 ± 0.1* 1.3 ± 0.1* 1.3 ± 0.1* 1.5 ± 0.1* 0.9 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 1.0 ± 0.1 1.0 ± 0.1 1.0 ± 0.1 

hAEC   1.0 ± 0.1 1.6 ± 0.1* 1.4 ± 0.1* 0.4 ± 0.1* 1.1 ± 0.2 1.3 ± 0.3* 0.8 ± 0.1 0.8 ± 0.1 0.9 ± 0.1 0.8 ± 0.1 0.9 ± 0.1 

 

Blood gas values from 60 minutes before till 7 days after ischaemia, pH, partial pressure of carbon dioxide (PaCO2), partial pressure of oxygen (PaO2), and 

lactate and glucose values before and after ischaemia. Sham-sham (Sham), ischaemia-vehicle (Ischae), ischaemia-hAEC (hAEC). Data are Mean±SEM 

(*P<0.05 vs. sham-sham, #P<0.05 vs. ischaemia-vehicle).  
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Figure 7.1 Time course of changes in cardiovascular parameters  

Ischaemia was associated with a significant increase in MAP and FHR in the first 4 h post 

ischaemia. Parameters did not differ between groups at any other time. Fetal hear rate 

(FHR), mean arterial pressure (MAP) and carotid blood flow (CaBF). Occlusion omitted at 

the dotted line, Sham-sham, open circles (n=7), ischaemia-vehicle, blue diamonds (n=5), 

ischaemia-hAECs, orange squares (n=5). Data are one hour averages Mean±SEM. 

*P<0.05 vs. sham-sham. 
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EEG and seizures 

The 30 minute bilateral carotid occlusion was associated with profound suppression of EEG 

power (occlusion data excluded). The EEG power remained significantly lower in both 

ischaemia groups when compared to the sham-sham group at all time points after ischaemia. 

In the ischaemia groups, EEG power between 12 and 48 h increased during the period of 

intense seizure activity. There was a further significant increase in EEG power in the 

ischaemia-vehicle group at 12-13 h after ischaemia when compared to the ischaemia-hAEC 

group (p=0.029). Seizures started earlier in the ischaemia-hAEC group compared to the 

ischaemia-vehicle group (7.8 ± 2.1 hours vs. 17.4 ± 3.0 hours, P<0.05), but both groups had a 

similar total seizure period: ischaemia-hAEC group 5.7 ± 2.6 hours vs. 5.0±1.9 hours in the 

ischaemia-vehicle group, and these seizures were experienced over a similar time period: 

ischaemia-hAEC group 56.2 ± 8.6 hours vs. 37.3 ± 9.8 hours in the ischaemia-vehicle group. 

No seizures were observed in the sham-sham group. With the resolution of seizures EEG 

power once again dropped and remained low for the duration of the experiment (Figure 7.2). 

SEF 

Ischaemia was associated with a reduction in SEF, both ischaemia groups had a significantly 

lower SEF than the sham-sham group for the first hour after ischaemia but quickly recovered 

toward baseline. SEF in both ischaemia groups significantly dropped from 26 to 30 hours 

associated with the most intense seizure activity. From 52 hours after ischaemia the SEF of the 

ischaemia groups remains below sham-sham levels for the duration of experiment (P<0.05, 

Figure 7.2). 

IMP 

Ischaemia was associated with cytotoxic edema as measured by an increase in IMP starting at 

approximately 5 min into ischaemia and resolving in the first 5 min after the end of ischaemia. 

Ischaemia was associated with a significant rise in IMP between 24 and 72 h, peaking between 

29 and 47 h at approximately 128% of baseline (P<0.05, Figure 7.2) after ischaemia in both 

ischaemia groups. IMP then fell for the rest of the experiment becoming significantly lower 

than the sham-sham group at 112 hours after ischaemia and falling to 75% of baseline by the 

end of experiment (P<0.05). The ischaemia-vehicle and ischaemia-hAEC groups did not differ 

in IMP, SEF or EEG power the end of experiment.  
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Figure 7.2 EEG an SEF and impedance from 24 hours before untill 7 days after ischaemia 

This graph shows the changes in electroencephalogram power (EEG, top graph), spectral 

edge frequency (SEF, middle graph) and cortical impedance as percent of baseline (bottom 

graph) from 24 hours before until 7 days after UCO. Sham-sham, open circles (n=7), 

ischaemia-vehicle, blue diamonds (n=5), ischaemia-hAECs, orange squares (n=5). Data are 

one hour averages Mean±SEM. *P<0.05 vs. sham-sham, #P<0.05 vs. ischaemia-vehicle. 
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Figure 7.3 EEG spectral edge distribution. 

Time spend in different frequencies over the last 24 h period before put down. The sham-

sham group is in black the ischaemia-vehicle group in blue and the ischaemia hAEC group 

in orange. The sham-sham groups frequencies are divided between REM and non-REM 

sleep state frequencies, both ischaemia groups spend the majority of time in lower 

frequencies, differing significantly from the sham-sham group at 6-8 Hz and above 12 Hz. 

The ischaemia-vehicle group differs from both the sham-sham and the ischaemia-hAEC 

group by spending significantly more time at 9 Hz. Sham-sham, open circles (n=7), 

ischaemia-vehicle, blue diamonds (n=5), ischaemia-hAECs, orange squares (n=5). Data 

Mean ±SEM, *P<0.05, vs. sham-sham, #P<0.05, vs. ischaemia-vehicle. One way ANOVA 

followed by Tukey’s post-hoc test was used. 
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Sleep state architecture 

The average EEG power and SEF were significantly lower at the end of experiment. To 

further quantify sleep state architecture the time spent in each frequency was quantified for the 

last 24 h. The sham-sham group spent the majority of time between 4-7 Hz and 12-16 Hz 

switching between organized REM and non-REM sleep state frequencies. Both ischaemia 

groups lost this biphasic sleep state pattern and mostly remained in low frequency between 3-

10 Hz (Figure 7.3), differing significantly from the sham-sham group at 6-8 Hz and above 12 

Hz. The ischaemia-vehicle group differs from both the sham-sham and the ischaemia-hAEC 

group by spending significantly more time at 9 Hz. 
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Immunohistochemistry  

Oligodendrocytes 

Ischaemia was associated with a significant reduction in Olig-2 positive cells (P<0.05, Figure 

7.4) in the IGWM1/2 and the PVWM, this was not changed by hAEC administration. Olig-2 

positive cell number did not differ between ischaemia-vehicle and ischaemia-hAEC groups.  

Microglia 

Microglial infiltration was assessed in the IGWM1/2 and PVWM. Ischaemia was associated 

with a significant increase in iba-1 positive infiltrating microglia (P<0.05, Figure 7.4). HAEC 

treatment did not change the number of Iba-1 positive microglia and did not differ from the 

ischaemia-vehicle group in all white matter areas assessed.  

Neurons  

Ischaemia was associated with a significant decrease in NeuN positive neuron number in the 

1PSG, 2PSG and LC and this was not improved with hAEC treatment. Similarly, NeuN 

positive neurons were significantly reduced in the thalamus and striatum with no improvement 

in the ischaemia-hAEC group. Ischaemia was associated with a significant reduction in the 

NeuN positive neurons in the CA1, CA2/3, CA4 of the hippocampus the number of neurons in 

the DG did not differ from the sham-sham group. The ischaemia-hAEC group did not differ 

from the ischaemia-vehicle group in any area of the grey matter areas assessed (P<0.05, Figure 

7.4).   

Corresponding photomicrographs, Figure 7.5 
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Figure 7.4 Bar graphs of immunolabeling  

Histological counts at 7 days recovery, areas assessed in the white matter are the first and 

second intragyral white matter (IGWM 1, IGWM 2) and the periventricular white matter 

(PVWM). Areas assessed in the hippocampus are the Cornu Ammonis 1 (CA1), Cornu 

Ammonis 2/3 (CA2/3), Cornu Ammonis 4 (CA4) and the dentate gyrus (DG), Sham-sham, 

grey (n=7), ischaemia-vehicle, blue (n=5), ischaemia-hAECs, orange (n=5) Data are 

Mean±SEM. *P<0.05, vs. sham-sham 
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Figure 7.5 Photomicrographs of immunolabeling seven days after ischaemia 

Representative photomicrographs, from top to bottom: Total oligodendrocytes (Olig2, A), 

microglia (Iba-1, B), neurons in the PSG1 (NeuN, C), thalamus (NeuN, D), striatum (NeuN, 

E) and CA4 (NeuN, F). Scale bar is 50 µm. 

 

sham-sham              ischaemia-vehicle   ischaemia-hAEC
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Discussion 

The most common pathological substrate of long-term disability in preterm infants is now 

diffuse white matter loss and long-term myelination failure,875 with reduced cortical and 

subcortical grey matter volumes.297, 876  Neurodevelopmental outcomes are independently 

correlated with both white matter injury and the magnitude of the grey matter deficits.307 

Currently there are no specific treatments to prevent injury or subsequent impaired 

neurodevelopment.  In the current study we demonstrate, for the first time, that delayed, 

repeated intranasal administration of human amnion epithelial cells after asphyxia in utero 

increased the proportion of more mature oligodendrocytes and improved myelination in the 

white matter tracts, reduced neuronal loss in striatal nuclei, and partially alleviated loss of 

brain weight and cortical area after 21 days recovery. Improved maturation of white matter 

was associated with reduced astrogliosis and microgliosis reduced expression of the 

inflammatory mediator TNF, and suppression of caspase-3 positive apoptosis. These findings 

suggest that delayed treatment with hAECs can attenuate white matter dysmaturation, 

inflammation, and ongoing low level apoptosis in both white and grey matter.  

The model of asphyxia induced by acute umbilical cord occlusion used in this study led to a 

clinically relevant pattern of preterm brain injury characterized by diffuse white matter loss 

without focal necrosis, subcortical grey matter loss and evolving impairment of cortical 

development, consistent with the clinical pattern of injury after acute perinatal asphyxia on 

magnetic resonance imaging.877 We now report that this paradigm leads to hypomyelination, 

with reduced proportion and area fraction of mature/immature oligodendrocytes despite no 

changes in total numbers of oligodendrocytes, highly consistent with impaired maturation of 

oligodendrocytes.902 Importantly, this occurs despite complete resolution of the insult so that 

fetuses matured in a stable, normoxic environment.  

We have previously reported that this paradigm triggers acute loss of pre-oligodendrocytes 

three days post-asphyxia, but that new cells proliferate to restore total numbers of 

oligodendrocytes by day seven.85, 87, 103 Similarly, after reversible cerebral ischemia in preterm 

fetal sheep, Riddle and colleagues reported that numbers of pre-oligodendrocyte recover in the 

first week and can double in two weeks,276 but pre-myelinating oligodendrocytes were 

significantly reduced over the same period. These findings suggest that after an HI insult in 

utero, pre-oligodendrocytes undergo active restorative proliferation, but may fail to 

differentiate into myelin producing cells.273, 276, 279, 459 We now show that repeated intranasal 
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hAEC administration improved both the proportion of mature oligodendrocytes and restored 

myelination to near sham control levels.  

The precise mechanisms of maturational arrest are unclear,875 likely include excessive 

accumulation of hyaluronic acid produced by reactive astrocytes,273, 455 chronic microglial 

activation, and changes in the cell cycle of oligodendrocyte progenitors.878 The present study 

is highly consistent with this, as the improved maturation of white matter tracts seen after 

hAECs treatment was closely associated with attenuation of the chronic microgliosis and 

astrogliosis. Astrocytes and microglia are important regulators of normal development of 

oligodendrocyte precursor cells and myelination 879 and contribute to brain recovery in part 

though the neuro-restorative aspects of the innate immune system.880 However, they also 

contribute to impairment of oligodendrocyte maturation.49, 51, 273, 459, 879  

Both microglia and astrocytes release pro-inflammatory mediators, including TNFα as 

observed in this study, in addition to interleukins and interferon signaling proteins.879, 881 

Preterm infants who develop white matter injury have high levels of IL-1β, IL-6 and TNFα in 

the amniotic fluid,882 plasma and cerebrospinal fluid at birth.462 Elevated levels of TNFα and 

other inflammatory markers in preterm infants 21-28 days after birth are correlated with 

impaired brain development and adverse neurodevelopmental outcomes at 2 and 10 years of 

age.482, 483, 849 The mechanisms mediating persistent inflammation are multifactorial. Some 

infants are exposed to repeated inflammatory stimuli,189 and thus there is a failure to remove 

the stimulus. For others, the biological cues that signal inflammation resolution both centrally 

and peripherally may be inadequate or interrupted leading to chronic non-resolving 

inflammation.883, 884 

hAECs have been shown to down regulate both microglia and astrocytes, as well as levels of 

TNFα under conditions of inflammation induced by LPS,126, 128 and microglial activation in 

intragyral but not periventricular white matter when given into the lungs before ventilation of 

newborn immature lambs.127 Similarly, in a mouse model of autoimmune encephalomyelitis, 

hAECs suppressed both specific and non-specific T-cell proliferation, decreased pro-

inflammatory cytokine production, and inhibited the activation of stimulated T-cells.133 

hAECs have also been shown to modulate macrophage recruitment and to promote the 

transition of macrophages from the deleterious M1 to the beneficial M2 phenotype in liver 692 

and lung injury.675 Collectively these data support the hypothesis that hAECs provide 

protection through moderating both central and peripheral immune responses.  
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In this study, asphyxia did not affect cortical neuronal density but was associated with reduced 

brain weight and cortical area and neuronal loss in the caudate nucleus and putamen of the 

striatum, with microgliosis and ongoing upregulation of caspase-3 positive apoptosis in both 

the cortex and subcortical nuclei. The first of the three doses of hAECs were administered 24 

hours after asphyxia, demonstrating that at least some cell loss is still potentially reversible 

well outside the therapeutic window for hypothermia, through additional active mechanisms 

supported by hAECs. Prematurity is associated with reduced volume and complexity of 

cerebral cortical grey matter, and reduced size of the thalamus, hippocampus and brainstem 

nuclei, at term-equivalent and later, as previously reviewed.281 Since the preterm cortex is 

consistently spared from acute injury, both clinically,870, 887 and experimentally,87, 174 the long-

term maldevelopment is proposed to involve secondary mechanisms such as loss/disruption of 

neural transmission, leading to secondary cell loss and simplification of neural architecture.  

Although therapeutic hypothermia is not currently clinically established for treating preterm 

HIE, we have previously demonstrated in the same preterm paradigm used in this study that 

neuronal loss in the striatum after asphyxia can be prevented by initiating mild hypothermia 

shortly after asphyxia.84, 87 It is critical to note, however, that hypothermia was not protective 

when delayed by 5 h after asphyxia,84 whereas in the present study hAEC treatment started 

well outside the window of opportunity for therapeutic hypothermia attenuated the reduction 

in brain weight and cortical area, improved striatal neuronal survival, and suppressed the grey 

matter microglia and apoptosis. This suggests that hAECs may have a much wider window of 

opportunity after HI. This is a significant benefit for preterm brain injury when the timing of 

injurious events is often unclear, and may begin before birth.  

In absolute terms, the total number of cells undergoing apoptosis after three weeks was 

relatively low; however, apoptosis was still ongoing. This finding supports the hypothesis that 

upregulation of physiological apoptosis contributes to the long-term impairment of brain 

growth after preterm brain injury. In the developing brain damaging low-grade inflammation 

may be triggered by this cell death, while conversely, activated glia down-regulate trophic 

factors required for survival, proliferation and maturation.49, 469, 485 Thus, at least in part, 

hAECs likely improved neuronal survival by promoting local trophic factor release.121, 125, 133 

There is increasing experimental evidence that intranasal administration, as tested here, is an 

effective and relatively non-invasive route of administration.892 The barrier between the nasal 

cribriform plate and the brain parenchyma is minimal, and so allows cells to move up the 

olfactory nerves towards the areas of injury, possibly through tracking of the chemokine 
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stromal derived factor.893 In rats it has been shown that intranasal administration allows rapid 

dispersion throughout the brain and into the brain stem within 4 hours.893 Clinically non-cell 

treatments are already routinely administered intranasally and offer better accumulation in the 

brain or CSF.894 Naturally, the absolute distance traveled is smaller in rodents than it would be 

in humans and the human olfactory track is not as well developed as in sheep. However, the 

present study in a large animal offers encouraging proof of principle that it is should be 

explored in humans.  

Treatment was delayed for 24 hours in the present study to test a realistic delay for diagnosis 

and evaluation. Studies using other stem cell types support the potential for very delayed 

treatment. In term equivalent mice, MSCs given intranasally as a single dose of 0.5x106 at 10 

days could improve outcomes assessed at 9 months,895 but treatment was less therapeutic if 

delayed to 17 days.809 Similarly, bone-derived mesenchymal stem cells given to neonatal rats 

at one week after HI at postnatal day 7 improved numbers of striatal medium-spiny projection 

neurons at 90 days, and very high doses (750,000–1,000,000 MSCs vs 85,000–120,000 MSCs 

per animal) were associated with behavioural improvements.646 In preterm fetal sheep, a single 

bolus dose of multipotent adult progenitor cells, mesenchymal stem cells or cord blood cells 

given immediately or 12 hours after asphyxia reduced white matter loss at 7 to 10 days,881, 896, 

897 but when treatment with cord blood cells was delayed to 5 days it was not beneficial.881 

Repeated administration of stem cells as tested here is likely important. In P9 rats, a single 

intracerebral injection of mesenchymal stem cells three days after HI improved sensorimotor 

function and reduced infarct size,862 but a second injection of cells 10 days after HI further 

enhanced sensorimotor improvement and promoted recovery of MAP 2 and myelin basic 

protein and may have enhanced axonal remodelling.862 

In conclusion, the present study is the first to demonstrate that delayed repeated intranasal 

doses of human amnion epithelial cells is associated with improved white matter maturation 

and reduced neuronal injury in a large animal, translational model of asphyxia. hAECs have 

advantages over other stem cell types in that they are readily available with low ethical 

concern regarding harvesting, and are non-tumorigenic and non-immunogenic. While further 

work is required to optimize hAEC treatment for perinatal HIE at different ages and for other 

types of insults, this study demonstrates that human amnion epithelial cells have potential 

clinical utility to help promote normalization of brain development after preterm birth. 
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Chapter 8: General Discussion 

Summary  

My studies have demonstrated several key findings in preterm and term fetal sheep: 

1) Human amnion epithelial cells have the potential to be neuroprotective and neuro-

restorative for the preterm fetal brain after a single, acute asphyxial insult, with 

treatment protecting both grey and white matter cells (chapters 4, 5 and 6). 

2) Delayed, repeated doses of hAECs prevent hypomyelination of the preterm brain 

after asphyxia in utero (chapter 6). 

3) Human amnion epithelial cell treatment reduced both grey and white matter loss, 

even when treatment was delayed for 24 hours (chapter 5 and 6). 

4) In contrast treatment with hAECs at 2 hours; during the phase shown to be optimal 

for therapeutic hypothermia, did not protect grey or white matter cells in term fetuses 

(chapter 7). 

5) Asphyxia alone causes a sustained upregulation of microglia, astrocytes, and TNF-α 

within the preterm brain, suggesting an acute asphyxial insult in utero can lead to 

non-resolving, chronic inflammation of the brain (chapter 6). 

6) Human amnion epithelial cell efficacy was associated with a reduction in microglia 

and astrocytes in all preterm cohorts, and peripheral pro-inflammatory cytokines after 

early administration and central cytokine activation after repeated hAEC treatment. 

Collectively these data suggest a strong role for inflammation in mediating both grey 

and white matter injury (chapters 4, 5 and 6). 

7) Inflammation can provide benefits for the brain, with LPS leading to tolerance not 

sensitisation to asphyxia in the preterm fetus (chapter 3). 

8) Intranasal administration is an effective route for administering cells for 

neuroprotective treatments (chapter 6). 



Chapter 8: General Discussion 

184 

 

The problem and one potential solution: stem cells 

My thesis ends where it began with an overview of the challenges that face the preterm 

brain and expanded to now encompass a discussion of why hAECs may be a viable 

therapeutic strategy. My introduction started with the detailed overview of the preterm 

and the neurodevelopmental difficulties faced by many infants, if not the majority.6-8, 39, 

263 Being born preterm poses a huge burden on a brain that is in the process of laying 

down the foundations for post-natal development, which will culminate in the complex 

network that defines the adult brain. Preterm birth places the fetus and the neonate at risk 

as they are more likely to be exposed to environmental factors such as HI insults and 

inflammation/infection, as well as having to adapt to a post-natal world for which organs 

are not yet functionally ready, this in itself is immensely physiologically stressful. 6, 27, 49, 

80, 189, 866, 903 Added to this, the preterm infant is often exposed to many treatments and 

drugs in the neonatal intensive care unit, which adds further physiological stress.27, 780 

Each of these adverse physical and environmental stressors has the capacity to be 

pathological, leading to loss of brain cells and may stall or alter maturational 

development.26, 27, 70, 504, 623, 899 The end result is a less complex brain, which underpins the 

neurodevelopmental problems seen later in life including, impaired cognition, reduced 

IQ, a reduction in learning, memory, motor and sensory perception abilities, and 

behavioural problems.6-8, 39, 263  

While this thesis largely explored the effects of acute severe asphyxial or ischaemic 

insults, which do occur frequently in preterm life, it is important to note that even subtle 

physiological challenges may derail the development of the brain, leading to more subtle 

learning and cognition difficulties.27 Even when infants are born late-preterm, or near-

term, they are at greater risk of neurodevelopmental difficulties, such as low-severity 

learning difficulties, as well as an increased incidence of behavioural abnormalities.43, 56, 

57, 900 Thus treatment options may well be desirable to help nearly all infants born before 

their due time.  

The viability of stem cells to help protect or repair the preterm 

brain  

It is not because they will replace lost cells, although there are increasing data to suggest 

that under some conditions exogenous stem cells may express factors associated with the 

emergence of glia and neurons.120, 123, 746, 838 Rather, like cerebral hypothermia, which 
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offers protection through many mechanisms,832 they provide multifactorial therapeutic 

benefits, primarily through their immunomodulatory capacity and their expression of 

factors that signal survival, maturation, and differentiation, and not cell death.120, 123, 746, 

838  Unlike therapeutic hypothermia, however, the treatment does not cease immediately 

after the end of administration. Exogenously administered stem cells migrate and may be 

active in situ for a prolonged period of time, and they may mediate injury via different 

pathways, depending on local cues from the state of injury or maldevelopment. Thus, part 

of the therapeutic value of cell therapy is interacting with endogenous processes and 

acting on cues provided by both damaged and regenerating, cells as suggested by the 

group of Cobi Heijnen.891, 901 

Thus, exogenously administered stem cells have the potential to provide a solution for the 

multifactorial insult, which underpins preterm neurodevelopmental impairment. The 

ultimate interactive treatment, tailored to the individual needs of the patient during all 

stages of injury and recuperation. In this respect, the window of opportunity may be 

unlimited within the still developing brain as the cells may act to assist the neural network 

in achieving a more optimal network configuration depending on internal cues. This is the 

hope of many current trials registered for the treatment of cerebral palsy 

(https://clinicaltrials.gov).  

Why hAECs?  

A quick Google search will reveal many stem cell choices, and we have chosen hAECs 

for a variety of reasons. Like other fetal or placental derived tissue, they have low 

immunogenicity, but unlike these other tissues, the amnion is normally discarded at birth 

and its use is not associated with the ethical issues surrounding fetal tissue harvesting, and 

the infection potential of the blood filled placenta.120, 123, 691, 746, 838 They can be easily 

harvested in therapeutic quantities without expansion but can be expanded to increase 

supply.123 They have stem-cell like characteristics but are not tumorigenic.  Importantly, 

hAECs are immunomodulatory, having the capacity to modulate both innate and immune 

cell responses, and can produce factors that signal cell survival and development and 

which reduce programmed cell death.120, 123, 746, 838 

https://clinicaltrials.gov/
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Key findings 

Globally, my data demonstrate that hAECs provide preterm fetal neuroprotection and 

potentially neuro-repair after a severe asphyxial insult, even if treatment was delayed 

(chapters 4, 5 and 6). While I speculated that we would see white matter protection, by 

supporting oligodendrocyte maturation, it was surprising to see that neuronal loss was 

reduced with delayed treatment (chapter 5 and 6). This suggests that the window of 

opportunity for neuroprotection was wider than anticipated for the preterm fetus. The 

same could not be said for the term fetus (chapter 7), which did not benefit from early 

treatment, at a time which, we postulated from cooling studies, would be relatively 

optimal for treatment. Whether later treatment would have facilitated protection or repair 

remains to be determined in future studies. The implications of the term data are 

discussed below, however, it would appear that as hAEC treatment is explored as a 

therapy, maturation is a key factor to consider. Importantly, my repeated hAEC protocol 

significantly improved the maturation of white matter, and thus perhaps hAECs may 

provide a treatment for hypomyelination, which is a key neurological burden for infants 

born preterm (chapter 6). As part of this, I have demonstrated that inflammation after 

asphyxia appears to be chronic in nature, and all hAEC treatment study outcomes are 

associated with indices that suggest that the efficacy of hAECs was, in part, through 

immunomodulation. However, my first study (chapter 3) demonstrates that inflammation 

can be both good and bad for the preterm brain, and likely at the same time, further 

suggesting that simply reducing inflammation may not be the best option.  

The balance of immunomodulation  

The immune changes through the phases of recovery from asphyxia in the preterm brain 

are surprisingly poorly understood, particularly in the tertiary phase, given the postulated 

role for inflammation in injury and dysmaturation.49, 445 It is, of course, well understood 

that inflammation is both a bad and good thing.49, 503, 902 Acute inflammation is the 

defence response of the immune system to injury and illness, and it is initiated to contain 

and localise damage, dispose of the by-products of damage, and to set the scene for repair 

and a return to homeostasis.503, 884 After an HI insult, induction of microglia acts to 

facilitate an inflammatory response to remove debris from dead cells, and to promote 

programmed cell death of injured cells that are beyond repair. The classical pattern of 

inflammation is characterised by acute inflammation and the release of pro-inflammatory 
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mediators, this is followed by the progressive increase in an anti-inflammatory response, 

which promotes repair and supports resolution of inflammation.49, 469, 503, 884  

The duration of each phase differs as a function of many factors including the severity of, 

and the time removed from, the insult, and thus the scope of the clean-up and repair 

operation required.503, 884 While microglia are the innate immune regulatory cells within 

the brain, asphyxia can open the BBB leading to infiltration of peripheral immune cells. 

Thus progress from inflammation to resolution of inflammation is complex, particularly 

in a full body insult. Further, inflammation is not an on-off switch, even as the acute 

phase of inflammation begins to resolve, the brain may be sensitised to injury or the 

inflammatory responses of the brain may create tolerance to a second insult – 

preconditioning.49, 816 

My data in chapter 3 highlights the complex nature of inflammation. Here we utilised a 

paradigm of chronic exposure to LPS designed to more closely approximate the chronic 

inflammation seen under conditions of chorioamnionitis. This study showed that chronic 

inflammation is associated with a loss of oligodendrocytes,193 consistent with the findings 

of others.49, 126, 128, 208, 217-220, 469, 813 Further, my data showed that the inflammation 

associated with asphyxia alone was significantly worse than that associated with exposure 

to LPS. Surprisingly, however, the results demonstrated that in preterm fetal sheep, 

chronic inflammation creates tolerance to an asphyxial insult. Surprising, because the 

neonatal rodent data utilising single bolus doses of LPS in the days before an ischaemic 

insult showed the opposite: sensitisation. The differences in findings may relate to species 

differences in brain development or sensitivity to LPS, or in an acute bolus exposure vs 

chronic exposure. What we can take away from this is that the process of inflammation 

and injury are complex and intertwined and that simple attenuation of the immune 

response may not in all circumstances be beneficial.  

Sensitivity: Further studies are now required to determine receptors and pathways 

involved. The studies from the group of Carina Mallard have shown a role for TLRs 

(TLR2 and TLR4) signalling mediated through TRIF and MyD88.903-905 MyD88 in 

particular maybe more important, adult studies show that it mobilizes members of the IL-

1R-associated kinase family (IRAK), which in turn leads to nuclear translocation of the 

transcription factor NF-κB; a key regulator of many inflammatory pathways.49, 906 
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However, in the adult brain at least TLR 2 and 4, operating through TNF-α mechanisms 

have been identified as targets for LPS preconditioning,907, 908 and more recently a role for 

TLR 9 has been established.908 Timing between insults, and the up- and down-regulation 

of key receptors, proteins, and associated pathways, as well as the stage of neural 

maturation, may be factors here. Further, it is difficult to equate fetal to postnatal life, 

given the dynamic changes in inhibitory and excitatory roles of neurotransmitters before 

and after birth and the increased levels of neuro-inhibitors during fetal life.54 Adenosine, 

for example; the levels of which are high in the fetal brain and early newborn life,54 is 

known to synergise with TLRs, and in newborns polarises TLR-mediated cytokine 

production and thus plays a role in innate and adaptive immune responses.909
 

Tolerance: The mechanisms mediating tolerance are, like most other things discussed in 

this thesis, multifactorial.816, 910 Delayed tolerance takes time, as it requires protein 

synthesis.910 Delayed tolerance mechanisms include upregulation of nitric oxide 

pathways, specifically inducible NO synthase and peroxynitrite.911 Up-regulation of 

corticosterone is also associated with tolerance,824 and in my study, I observed a rise in 

cortisol that may have assisted neuroprotection (chapter 3). Certainly, the upregulation of 

the anti-inflammatory cytokine IL-10 will have played a role, as this is also seen in other 

experimental paradigms.827 Stetler and colleagues have shown a role for mitochondrial 

biogenesis, which is the upregulation of the mitochondrial production of ATP when 

energy expenditure has increased. 504, 816, 899 Failure of mitochondria is a key mechanism 

of injury. 912 Thus, inflammation may have helped increase mitochondrial capacity, 

providing more energy to cells to protect ionic cellular function both during and after the 

HI insults. Our LPS asphyxia paradigm is different to the asphyxia-hAEC protocols 

where asphyxia is associated with impaired oligodendrocyte maturation. However, if 

inflammation can be neuroprotective through mitochondrial stabilisation, it would suggest 

that dysmaturation of white and ultimately grey matter is not related to mitochondrial 

impairment per se, but this requires further analysis.  

Deleterious and protective? While inflammation may provide pre-hypoxic conditioning 

and thus be protective, it is, paradoxically, causing potential harm through impacting on 

the development of oligodendrocytes. This is one of the limitations of this thesis. I have 

not been able to discern the different stages of oligodendrocyte maturation. While we 

have in the past been able to label for O4 positive cells, we could not get current 
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antibodies to work for O4 or O1 on paraffin embedded tissue. Equally, I have not been 

able to develop markers for microglial phenotypes to evaluate the transition from the pro-

inflammatory M1 to the anti-inflammatory/reparative M2. To further identify when new 

oligodendrocytes proliferate after injury, where the maturational halt occurs and to 

associate that with a particular stage/type of inflammation would be of interest. However, 

as discussed the process of inflammation to resolution of inflammation is not a clear cut 

process, and are in many ways overlapping.49 

The inflammatory balance – and the failure to resolve: The duration of each phase differs 

over time as a function of many factors including the type and the severity of the insult, 

and thus the scope of the clean-up and repair operation required. 503, 884 It is important to 

keep in mind that inflammation is a balancing act, which can be deleterious and 

beneficial. Removing dead cell material and promoting the death of injured cells is 

beneficial for the brain to allow it to operate appropriately. Suitable and balanced cell-cell 

communication is essential for optimal brain maturation and function. Cells that cannot 

be supported, which are surplus to the requirements of the network or which do not 

function properly will be targeted to die to ensure the good of the whole. 27, 913  

My data in chapter 6 support the increasing number of clinical data that show that 

inflammation can be chronic, and to date, my observations are novel for the fetus. Current 

work from the study of extremely low gestational age newborns (ELGANs) has shown 

that peripheral pro-inflammatory cytokines are elevated in infants ≤ 28 weeks during at 

least the first month of life after preterm birth, and that these inflammatory mediators 

correlate with impaired brain development and adverse neurodevelopmental outcomes at 

2 and 10 years of age.483, 627, 849, 914-917 Work from the Inder laboratory has previously 

shown that pro-inflammatory cytokines measured in the CSF of preterm infant with WMI 

were also elevated during the first month of life, and even longer in some cases.482 While 

Lin and colleagues have shown that children aged 7 years, with CP, have higher 

peripheral concentrations of TNF-α, and when challenged with an inflammatory stimulus 

had an enhanced inflammatory response.450 Increased susceptibility of further 

dysregulation of homeostasis and disease is also seen in adults with chronic 

inflammation.902 This indicated that the insult started with perinatal asphyxia in infants 

does not end with the resolution of the secondary phase of deterioration. Though this 
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means that infants, unfortunately, remain at risk for further injury it also provides further 

opportunity for intervention and improvement in the long term.  

Resolution of inflammation is not simply about removing the stimulus but requires a 

progression of specific signalling from pro- to anti-inflammation.503 Numerous factors 

support transition from pro-inflammation to anti-inflammation and repair and resolving 

factors include anti-inflammatory cytokines, and pro-inflammatory cytokines that take on 

anti-inflammatory actions during resolution.503 Other resolving mediators include 

protease inhibitors such as secretory leukocyte protease inhibitor, oxylipids, which 

support mitochondrial activity, reactive oxygen and nitrogen, and neurotransmitter 

function, including vagal activity.503, 884, 902 If the appropriate cues are absent and the 

system cannot revert to the pro-inflammatory state, inflammation fails to resolve.503, 884 

While we can extrapolate from the adult to some degree it should be kept in mind that the 

neonatal immune system is different.49, 918 It takes at least a week to begin to progress 

towards resolution after an asphyxial insult in utero,49, 276, 623 and proliferation is perhaps a 

marker of the beginning of this process, but this is not yet established. My data in 

chapters 4 and 5, which show a lack of pre- oligodendrocyte proliferation, suggest that 

there is yet to be a transition to pre-OL proliferation in that paradigm.  

Further work on the expression of genes and other regulatory factors associated with 

oligodendrocyte progenitor cell cycle exit and differentiation would be of value here.919, 

920 For example, intracellular signalling from surface receptors to transcription factors 

such as the mTOR (mammalian target of rapamycin) pathway would be of interest. This 

pathway is important for the integration of signalling for proliferation and differentiation 

and is downstream of PI3K (phosphoinositide 3-kinase)/Akt.921 In this respect, evaluating 

the activity of platelet-derived growth factor (PDGF) would be of value, as PI3K/Akt 

signalling mediates oligodendrocyte progenitor cell survival/proliferation induced by 

PDGF.921 A limitation of my study was that I did not evaluate growth factors in the 

mediation of glial development, or in the actions of hAECs. 

Why does inflammation persist in the preterm brain? My data in chapter 6 strongly 

suggest that inflammation has not resolved by 21 days, consistent with increasing clinical 

data. Certainly, there are two inflammatory hits to the brain: the asphyxia, which leads to 
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microglial activation, and then a potential peripheral invasion, as described by the work 

of Hagberg and colleagues.49 It was notable in chapter 4, that peripheral pro-

inflammatory markers were falling over the first three days, but then began to increase 

again, which may have facilitate the lack of proliferation at one week. There are few 

studies of time course changes in peripheral cytokines after an HI insult in the fetus or in 

the newborn. Ellison and colleagues, who measured plasma and CSF cytokines in preterm 

infants who developed white matter injury, showed that there is a phasic release of some 

cytokines, but this was over many days, and they did not evaluate acute time course 

changes.482 However, recent preliminary clinical plasma cytokine data in HIE infants 

supports this biphasic response, with a secondary rise in pro-inflammatory cytokines, and 

lactic acid.922  

However, I speculate that it is the injury and as well as cell dysmaturation which drives 

chronic inflammation. The brain must reorganise its neural architecture to incorporate lost 

cells and ongoing dysmaturation. To ensure cell-cell matching and functionality of the 

neural network, albeit not optimal function,286, 857, 923 ongoing cell death must occur. The 

developing brain does this normally,924 but there may be increased physiological 

apoptosis to accommodate cell loss and dysmaturation. Despite this being a mechanism 

that is known to be a central feature of brain remodelling, perhaps increased ongoing 

apoptosis, and generally the brain not maturing as normal, is a trigger for sustained 

inflammation.924 My caspase data in chapter 6 in part supports this, albeit the numbers of 

cells are small, and other regions need to be studied. However, a steady loss of cells has 

significant consequences over time. Clinically this is seen as well with increased 

apoptosis occurring in infants with IVH and PVL.925 

 

Normally physiological apoptosis would not be associated with inflammation,917 

however, we do not fully understand how cells die in a brain that must reorganise around 

cell loss and/or impaired cell maturation. There are also ways in which cells can die; 

caspase independent pathways and autophagy, oncosis and caspase 1-dependent 

programmed cell death (pyroptosis) and these mechanisms can be inflammatory.917 

Certainly there is evidence that the normal neural network is highly disrupted in infants 

born preterm, with greater dependence on long-distance network connections, even when 

there is no evidence of frank injury.286, 857, 923 Glia play a key role in excessive pruning of 

the architecture in impaired neural networks in the adult brain926 However, it is unknown 
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how microglia sense and respond to the development of abnormal brain networks during 

development.  

hAEC therapy  

The xenotransplantation of human cells into the sheep fetus did not result in rejection, 

obvious tumours, or cause obvious negative side effects as observed by the cardiovascular 

and biochemistry data, and these are important observations for clinical consideration.  

Chapters 4, 5 and 6 demonstrate that hAEC therapy is effective in reducing both grey 

and white matter injury, and the development of longer-term hypomyelination in the 

preterm brain. The efficacy of hAECs is associated with a reduction activated microglial 

and astrocytic, and in the chronic study, TNF-α, suggesting benefit through reduced 

inflammation. The most compelling data presented are in chapter 6, which shows that 

hAECs are associated with a significant improvement in both grey and white matter, and 

importantly a reduction in hypomyelination. This suggests that the postulated 

dysmaturation of oligodendrocytes,70, 623 is prevented or attenuated by hAEC treatment. 

These histological changes are associated with an effect on EEG maturation. 

Early i.c.v. treatment (2 hours) at a time when oxidative metabolism is restored does 

reduce injury, and certainly suppresses peripheral pro-inflammatory markers and 

increases IL-10, but the effect is not strong, at least as assessed at 7 days. Potentially not 

enough stem cells were available for optimal protection quickly enough when 

inflammation is acutest, even after injection into the brain. Certainly, treatment at 2 hours 

via i.v. administration is not associated with any neuroprotection in term animals 

(chapter 7). The term brain may require a substantial greater dose, given the greater risk 

of injury relative to increased metabolic demand. However, it may also mean that hAECs 

are most beneficial when the brain is still in a very plastic state and has a greater capacity 

to regenerate.27 Alternatively benefits may have been seen in neuro-repair in the term 

fetuses had we monitored for longer, for near term experiments this bring with it the 

complication of birth. Further the different application of injury may have resulted in 

insufficient environmental stimulation for optimal hAEC activation. One of the 

limitations of the studies is that I only conducted one experiment that looked at longer 

term outcomes.  
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The differences between the preterm and term study may also reflect route of 

administration, but speculatively it is a function of the mature brain being more 

metabolically active and thus more prone to injury. There have been no detailed studies of 

which have evaluated the phases of injury after asphyxia in the preterm fetus. There are 

data to suggest that the time course of latent to secondary phases is similar, based on near 

infrared cytochrome data (which evaluates cerebral mitochondria) and the onset time of 

seizures (around 5-7 hours) as reviewed.80 However, it is not clear whether the 

mitochondrial failure and commitment to cell death is as fixed as seen at term, my data 

would suggest not. That there was efficacy in the preterm brain with the single bolus of 

hAECs when treatment was delayed speaks to this. Potentially, the window of 

opportunity for neuroprotection is wider than we have previously thought for the preterm 

brain.69, 80, 89, 344 Testing this hypothesis could be achieved with cerebral cooling, which 

we know has a very defined window of opportunity for initiation from term studies.81, 832 

Although this may not cover regenerative mechanisms of a trophic nature. 

Seizures: Interestingly, hAECs were associated with an effect on seizures and at least in 

the 2 hour treatment preterm group (chapter 5), and an effect on EEG activity between 

seizures (the interictal phase). There was also an effect with delayed treatment on the 

duration of seizures in preterms. This further demonstrates that hAECs are active in the 

brain, but the seizure effects may be mediated by reduced inflammation or promoted 

release of inhibitory factors such as adenosine, as discussed in chapter 5. Further work is 

required to fully evaluate all seizure activity in my studies, but any effect on seizures may 

help improve outcomes (particularly in near-terms), if seizures are acting to disrupt 

metabolism and potentially decrease uptake of injurious factors such as glutamate.385, 840  

In contrast, seizures started earlier in the term group with hAEC treatment, and indeed 

hAECs were associated with a longer duration of seizures, although the actual total time 

seizing was not the same, suggesting more intermittent periods of seizures. Why hAECs 

have this effect in terms, but not preterms is unclear. However, speculatively, the earlier 

seizures represent may represent the adverse effects of manipulating inflammation too 

early. Potentially, impairing the “good” inflammation associated with cleaning up cellular 

debris, (which is a neuroprotective role) leads to higher levels of factors which lead to 

seizures, such as glutamate. A balance between pro- and anti-inflammatory mediators is 

required at every stage.927 
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Timing, doses and routes of administration 

For the preterm brain, there is merit to starting treatment early because of the potential 

effects on seizures, but this is not an optimal treatment time for term HIE. The preterm 

delayed studies show that there is neuroprotection of both neurons and specifically 

oligodendrocytes with delayed treatment. This finding is supported by P9 neonatal rat 

studies using MSCs and NSCs administered at 24 hours.809, 886, 889, 928 How much one can 

delay treatment requires evaluation, however, Van Velthoven and colleagues showed that 

a single injection of MSCs at 3 days in a P9 HI rat model still improved outcome.803, 891 

Similar findings have been made in a neonatal stroke model when MSCs were given at 3 

days after using MRI to stratify rats for treatment.929 Cameron and colleagues showed that 

MSCs treatment delayed for a week after HI in P7 rats, improved striatal medium-spiny 

projection neurons after neonatal rat hypoxia-ischemia and higher doses improved motor 

function.646 However, the study by Li and colleagues using umbilical cord blood stem 

cells in preterm fetal sheep showed that treatment was neuroprotective if given at 1 hours 

but not if given 5 days after and HI insult.478 The species and type of insults are very 

diverse in these studies, and the literature in general, so direct comparison is difficult. 

A single treatment is effective, but multiple doses may confer greater benefit. Van 

Velthoven and colleagues demonstrated that repeated MSCs enhanced recovery 891 

However, even when cells are not detectable, genetic changes initiated by the 

transplantation persisted.891 This is in contrast to the current study where we were able to 

detect hAECs within the brain 21 days after HI, al be it only a few. A recent study using 

umbilical cord stem cells showed that repeated doses at 2 and 9 days did not confer better 

outcomes compared to a single dose at 2 days in an adult rodent model of stroke.930 Here 

it is important to reflect on the differences in age and insults. The very young brain is 

much more dynamic that the adult brain and may thus be better able to utilise the support 

provided by hAECs for restoration. 

Clinically, there are data to show that very delayed but chronic administration of stem cell 

treatments may have benefit in older children (< 18 years of age) suffering from CP,931 

but it is difficult to attribute the improvements documented to cell therapy as opposed to 

normal developmental changes or to physical therapy as appropriate controls are often 

lacking. In contrast, when UCBCs were administered to CP patients at a median age of 

three years improvements were found in motor and cognitive dysfunction, accompanied 
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by structural and metabolic changes in the brain.932 Both the treatment group and the 

control group underwent active rehabilitation during the 6 month trial period yet the 

group that received cells showed greater improvements.932 However, such data speaks to 

the study by Lin and colleagues, which showed that inflammation and sensitivity to 

inflammation is elevated in children with CP.450  

Dose: The number of cells used in the literature varies widely from 5x103 to 1x106 cells 

for intra-cranial transplantation, and 3x104 up to 1x107 cells when administered 

systemically, in young rodents.  When corrected for body or brain weight, this translated 

to a greater variance of 3.5x104 to 7.1x107 for intra-cranial transplantation and 2.1x106 to 

7.1x108 when administered systemically. In a human feasibility study by Cotton et al., 

infants were administered 1-5x107 autologous UCBCs i.v. where cell administration did 

not impact outcome.933 In another human study performed by Min et al., UCBCs were 

administered i.v. to older children, aged between 10 months and 10 years with CP. Min 

and colleagues reported improvements in motor and cognitive dysfunction with a single 

dose of 3x107 cells/kg in these case reports.932 The doses used for the experiments in this 

thesis fall within these ranges. Ideally the number of cells would be titrated to the 

minimal effective dose, thereby reducing toxicity risk, this would depend on the size of 

the host, the administration route and the transplant environment.  

Route: My first experiments used an i.c.v. administration to try to get the cells as close to 

the target organ as possible, given the migration time, as a first pass assessment of this 

treatment. This is not a clinically useful mode of delivery. In humans the nasal 

administration of treatments is not uncommon, the mucosa is highly vascularised and 

particularly lipophilic substances easily cross the olfactory barrier,804 and the barrier 

between the nasal cribriform plate and the brain parenchyma is minimal, and so allows 

cells to move up the olfactory nerves towards the areas of injury.887 The group of Heijnen 

successfully gave MSCs via intranasal administration in neonatal rodents.809, 886, 889, 934 It 

has also been demonstrated to be effective in a number of other animal models.611, 808 I 

piloted this mode and found that the stem cells entered the brain and provided protection. 

Thus this methodology was used in chapter 6, and in my thesis I demonstrating that 

intranasal administration of hAECs was successful, even when given to a fetus living in 

utero, 24 hours after the insult. This is an important observation for the development of 
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clinical treatment protocols. However, further work is required to determine how long 

these cells take to enter the brain, and track their migration and active longevity. 

The Future 

The exciting data obtained in my thesis demonstrated that inflammation is both beneficial 

and deleterious for the developing brain, and that hAECs have utility as a neuroprotection 

treatment for the preterm brain in part through immunomodulation, but they are not 

effective for the term brain, at least when given acutely. Histopathological changes in the 

preterm brain are associated with functional changes in EEG activity. These are the first 

experiments to demonstrate the potential for hAECs in this capacity, but there is 

significant future work to undertake to further validate these findings.  

Clinical translational model 

I believe the fetal sheep is the appropriate species for preclinical investigation of 

interventions for HIE. Rodent models though less costly, and with an extensive range of 

molecular probes and behavioural tests are small and lissencephalic. With relatively small 

white matter tracts and an absence of gyral structure, these are unsatisfactory for studies 

of white matter injury and subsequent impaired cortical development.  

In contrast, the gyrencephalic structure of the fetal sheep brain, with large white matter 

volumes and grey matter folding, is highly advantageous for studies into white matter 

injury and grey matter maturation. The model of injury in the fetal sheep, used in this 

thesis clearly mimics the common pathological findings in clinic. Granted we are using a 

fetus to model neonatal life, and the brains physiology does change and becomes more 

dynamic with birth. The reason for using the fetus, as mentioned in the methods section, 

is that the fetal environment provides a stable physiological environment. Delivery of 

fetal sheep prematurely, even at 0.85 of gestation, poses significant clinical management 

problems. Experiments would thus be complicated by steroids, ventilation, and sedation. 

The challenges of managing a much younger fetus are exponentially harder. These 

clinical treatments have the potential to change the pathogenesis of injury or may increase 

injury. If nothing else they will confound any experimental findings.  

This model provides an opportunity to evaluate the development of injury and the effect 

of treatments without other confounders and previous work has shown that this approach 
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is a viable one. This model was used to provide key data for the development of the 

treatment parameters for the introduction to clinic of therapeutic hypothermia for HIE at 

term. Thus, despite some drawbacks associated with any animal model, this fetal sheep 

model provides key information to the field, augmenting studies done in other animals.  

Future directions 

I have outlined some of the future directions that could be taken in my discussion above, 

but in the next series of experiments that flow from this research, the focus should lay on 

a variety of issues. There is a need to examine in greater depth how inflammation and 

other factors cause dysmaturation, by determining how oligodendrocytes develop over 

time, and the factors, which stimulate proliferation, maturation and cell cycling exit. 

Insults like the ones I used in this thesis allowed evaluation of cell loss in this process, but 

milder insults are required to evaluate the impact of this on oligodendrocytes and the 

development of the neural network. The application of functional connectivity magnetic 

resonance imaging (fcMRI) would help in determining this, and there is considerably 

more information to be derived from the EEG, perhaps in conjunction with other 

monitoring modes such as near-infrared.  

Given the striking data from the delayed treatment studies, of neuroprotection in 

subcortical populations, demonstrates that we need to assess the factors being released by 

hAECs, or promoted release by other mediators such as astrocytes. Further, my data 

suggest that to make progress on treating the preterm brain after HI insults requires that 

we better quantify the developmental phases of injury, and more specifically development 

after injury, as potentially the window of opportunity for treatment in the preterm brain is 

wider than previously thought, and wider than that described for the term brain  

For hAEC treatments there is a need to determine how quickly the cells enter the brain via 

the intranasal route after administration. To determine where the cells track to and how 

long they take to get there may better be investigated in smaller animals where serial 

putdowns are more feasible to time track cell migration. Similarly, how long the cells 

remain functional and whether long term implantation might cause rejection, is likely 

better investigated in rodents, as long term monitoring is more practical and less costly to 

achieve.  
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Further elucidation of what paracrine factors hAECs are producing to achieve their 

effects, including key trophic or other cuing factors, which support survival and down 

regulate cell death, is likely best done initially with cultured cells under changing 

environmental circumstances as this environment is more controlled. This is not an easy 

task as many of these factors have, likely, not yet been named.  

Dose, and the number of doses require further evaluation to find the optimal regime, 

although the current regime used in chapter 6, provide a good template to work from. The 

preterm model does allow for longer-term assessment of the brain in utero, which is a 

manageable approach to continue looking at the effects of hAECs. However, delivery and 

evaluation of the lambs would offer greater insight into the functional and behavioural 

outcomes associated with the histological and physiological changes we have observed. 

This would require a milder insult to facilitate behavioural assessment such as time to 

stand and time to suckling. The lambs would need to be able to achieve these behaviours. 

Less instrumentation in our preparation would further expedite our ability to successfully 

birth the lambs. To be able to match functionality outcomes with histopathological and 

physiological changes would move this treatment further towards clinical 

implementation. 

Most certainly the effects on hAECs on the term brain deserve further scrutiny. HAECs 

did not affect histological outcome in our term pilot at 7 days recovery and disturbingly 

appeared to deleteriously modulate seizure activity. Further investigation into delayed 

treatments, longer-term outcome data along with the impact on more moderate insults 

may be of interest. Given that therapeutic hypothermia is standard therapeutic care in 

HIE, the benefit of hAECs may be in helping to modulate the tertiary phase. In this way, 

it could be implemented after the conclusion of hypothermia. 

For translation to the clinic, when the appropriate dosage and long term studies prove 

successful, a number of practical points need to be addressed. The cells are already 

harvested without animal products, but sops would have to be put in place for appropriate 

testing and storage. The administration methods would need to be refined, our sheep 

fetuses have a very useful anatomical pocket for the placement of cells and it is possible 

to restrict flow in the sheep, but this would be undesirable in new born infants. Perhaps 

delivering the cells in a gel or scaffold would allow for better intranasal placement in 
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neonatal infants. This gel could contain products that could facilitate migration, but again 

this would require further investigation. 

Closing thoughts  

Perinatal brain injury development is a complicated and multifactorial process. 

Inflammation plays an important role in injury, resolution and potential protection. 

HAECs are able to moderate inflammation and reduce cell loss and maturational halt after 

an asphyxial insult in the preterm brain. hAECs need to be further investigated as they 

seem to be a potentially promising intervention for infants that have suffered perinatal HI.  
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