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Thesis Summary 

Ventilation-induced brain injury (VIBI) refers to neuropathology resultant from respiratory support 

such as mechanical ventilation. The overarching theme of this thesis is VIBI in preterm infants – a 

unique population at an increased risk because of their high requirement for respiratory support and the 

heightened vulnerability of their immature brains at birth.  

A significant number of preterm neonates will require respiratory support at birth, in the delivery room 

and subsequently in the neonatal intensive care unit (NICU), as their lungs are too underdeveloped for 

efficient gas exchange. While necessary, the initiation and maintenance of respiratory support can be 

inadvertently injurious to the immature brain. There are currently no effective preventive measures or 

treatments for brain injury resultant from this life-sustaining but potentially injurious intervention. This 

thesis investigates the pathways by which injurious ventilation impairs the immature brain and the 

effectiveness of umbilical cord blood (UCB) cells as a potential treatment.  

Chapters Three and Four of this thesis focus on VIBI resultant from acute injurious ventilation, akin 

to ventilation with poorly controlled and/or excessive tidal volumes (VT) a newborn might receive in the 

delivery room. Chapter Three seeks to clarify the relative contribution of the two major pathways of 

acute VIBI: cerebral inflammation and haemodynamic instability. This was possible using a fetal head-

out ventilation model where manipulating placental circulation in one group isolated the haemodynamic 

pathway of injury. I found that injurious ventilation, regardless of placental circulation, did not increase 

systemic inflammation or any investigated histological markers of brain injury. Relative to previous 

findings whereby brain injury was observed after 15 min of injurious ventilation in preterm lambs, it 

appears that the early markers of cerebral inflammation and injury previously assessed at 2 h post-

ventilation do not progress to gross injury at 24 h. However, the VT obtained during injurious ventilation 

of these lambs were lower than desired, suggesting instead that VT below a certain threshold may not 

result in VIBI. The absence of overt brain injury in the ventilated animals may also be attributed to 

limitations of our experimental model, discussed in detail within Chapter Three. Briefly, all animals 

(controls and ventilated) underwent magnetic resonance imaging after delivery, during which they were 

anaesthetised and sustained on mechanical ventilation. Although a gentle ventilation strategy was used, 

this may have inadvertently contributed to a baseline brain injury in all lambs, potentially masking the 

effects of the injurious ventilation 24 h prior.  
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Chapter Four investigates the efficacy of early UCB cell administration in preventing or reducing VIBI. 

UCB cells have shown neuroprotective potential with anti-inflammatory properties. Using the same 

fetal ventilation model as above, I administered 80 million UCB cells directly to the fetus 1 h after 

injurious ventilation onset. Instead of reducing severity of white matter injury, early UCB cell 

administration increased systemic and cerebral inflammation, compromised cerebral blood vessel 

integrity, and increased white matter injury. Thus, while my ventilation strategy in Chapter Three did 

not induce detectable systemic or cerebral inflammation, it appears to have created an environment that, 

in the presence of UCB cells, is pro-injury. Essentially, the data suggest that 1 h after injurious 

ventilation is an inappropriate timing for UCB cell administration in the context of VIBI. This is the 

first time UCB cells have been investigated in conjunction with mechanical ventilation in a preterm 

large animal model. As UCB therapies progress to clinical trials in preterm infants, many of whom will 

require mechanical ventilation in the delivery room, my findings highlight the urgent need to scrutinise 

the use of UCB cells in relation to mechanical ventilation. 

Following results from Chapter Three, I investigated whether an extended period of standard (gentle, 

not intentionally injurious) ventilation was more damaging than a short period of injurious ventilation 

in the preterm neonate. Despite this being an obvious area of research, clinical observations have been 

limited by challenges in determining whether brain injury in preterm infants is due solely or 

predominantly to ventilation or confounded by ongoing clinical management. As such, neuropathology 

from long-term ventilation has not been comprehensively characterised.   

Chapter Five explores the role of prolonged mechanical ventilation in VIBI progression. Using a model 

of in utero ventilation (IUV), I found that continuous ventilation for 24 h transiently increased systemic 

inflammation in preterm fetuses but had no effects on assessed histopathology in cerebral white matter. 

As with Chapter Three, the VT achieved in these animals were lower than desired, implying yet again 

that a threshold VT for VIBI may exist.  

In trying to interpret results from all the chapters together, it became apparent that the haemodynamic 

and inflammatory pathways of VIBI are intricately interlinked.  

Overall, my research to date has the potential to impact management and treatment of ventilated 

preterm infants with a focus on improving neurodevelopmental outcomes. I suggest that improved 

monitoring of VT in the delivery room and maintaining low VT during extended periods of ventilation 

in the NICU may reduce the risk of VIBI. Further, I propose that the inflammatory and haemodynamic 

pathways of VIBI are more intricately interlinked than previously understood. This has major 

implications for therapy development. Although my investigated therapy (UCB cells) in Chapter Four 

exacerbated rather than reduced acute VIBI, this study provides vital groundwork to understanding the 
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interaction of UCB therapy and mechanical ventilation. Additionally, it reinforces the importance of 

thorough preclinical investigations. My studies in this thesis emphasise the need and value of established 

animal models to study VIBI, in the context of both acute and chronic mechanical ventilation of preterm 

infants.  
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Rov recombinant ovine 
RNA ribonucleic acid 
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Note on gene and protein nomenclature 
This thesis follows the general guidelines of the National Centre for Biotechnology Information (NCBI) 

Gene Databasea  and the Human Genome Organisation (HUGO) Gene Nomenclature Committee 

(HGNC)b for gene and protein nomenclature. For genes, only Latin letters and Arabic numerals are 

used, a space separates a letter and number in full names (e.g. interleukin 1 alpha), and the space is 

omitted in symbols. Gene symbols are italicised (e.g. IL1A). Where an alias has been used, the official 

gene name and symbol have also been provided. The formatting of symbols for RNA and cDNA follow 

the same conventions. RT-qPCR nomenclature follows the recommendation of The Minimum 

Information for Publication of Quantitative Real-Time PCR Experiments (MIQE) guidelines.c  

For protein nomenclature, Greek letters are written in full in lower case and a hyphen is included in the 

space that separates a letter and number in full names (e.g. interleukin-1 alpha). Protein symbols are 

identical to their corresponding gene symbols but are not italicised (e.g. IL1A). However, more 

commonly, the abbreviated name rather than protein symbol has been used in text. In abbreviated 

protein names, Greek letters are used and a hyphen separates a letter and number (e.g. IL-1α).  

Note on anatomical terms 
In this thesis, ‘temporal lobe’ refers to tissue of the lamb brain taken at the level of the hippocampal 

formation, which includes the temporal lobe (see Section 2.6.4).  

 

 

 
a Gene [Internet]. Bethasda (MD): National Library of Medicine (US), National Center for Biotechnology Information 
(2004). Accessible at <https://www.ncbi.nlm.nih.gov/gene/> 
b  Yates B. et al. Genenames.org: the HGNC and VGNC resources in 2017. Nucleic. Acids. Res. 45:D619-625 (2017). 
Accessible at <https://www.genenames.org/> 
c Bustin S.A. et al. The MIQE guidelines: minimum information for publication of quantitative real-time PCR experiments. 
Clin. Chem. 55:611-622 (2009).  
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Chapter One: Introduction 

This chapter contains content included in a manuscript under review (Appendix I): 

Chan KYY, Miller SL, Schmölzer GM, *Stojanovska V, *Polglase GR. Respiratory support of 

the preterm neonate: lessons about ventilation-induced brain injury from large animal models. 

[Submitted to Front Neurol, resubmitted with revisions after peer review on 18/06/2020]  

N.B. This manuscript has since been accepted and published in Front Neurol 2020;11:862. 

1.1. Preterm Birth  
Preterm birth, defined as birth prior to 37 completed weeks of gestation, affects 15 million live births 

globally each year and is a major cause of perinatal mortality and morbidity.1,2 Many complications 

associated with prematurity are due to an interruption of normal organ development that would 

otherwise proceed to term in utero. For this reason, the distinction of babies by gestational age (GA) at 

birth – extremely preterm (<28 weeks), very preterm (28-<32 weeks), and moderate to late preterm (32-

<37 weeks) – helps to identify infant populations which are most at risk of complications related to 

preterm birth.3 Reducing preterm birth is challenging as a significant proportion of spontaneous 

preterm labour cases have unidentified causes.1 Advancements in neonatal healthcare have increased 

survival rates of preterm infants, especially those born at the lower limit of viability (22-25 weeks).1–4 

Unfortunately, improvements in the survival of preterm neonates have outpaced prevention of 

morbidities and many surviving preterm infants suffer long-term complications including neurologic 

consequences.5–8  

1.1.1. Neurodevelopmental morbidities associated with preterm birth  
Preterm birth is a major risk factor for brain injury. The annual rate of brain injuries occurring during 

or soon after birth among preterm infants is estimated to be 25.88 per 1000 live preterm births, more 

than 7 times higher than that of term infants.5 This rate has stayed fairly consistent from 2010 to 2015,5 

highlighting the urgent need to devise ways to prevent or reduce brain injury in this population. Cerebral 

pathologies in preterm infants commonly present as intracranial haemorrhages (including 

intraventricular and periventricular haemorrhages), periventricular leukomalacia (PVL), and other 

white matter injury.5,9,10 Approximately 6% of very and extremely preterm infants have severe grade 

cerebral haemorrhages (grades 3 and 4)5,11 while the rates of cystic PVL is 1.1-1.8%.2,5 The prevalence 

of cystic PVL has decreased in the past decades and the most common form of white matter injury in 
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preterm infants now is diffuse white matter gliosis without focal lesions.2,10 Preterm infants are also 

likely to have altered white matter microstructure compared to their term counterparts.12,13 Importantly, 

these detectable abnormalities are predictors of subsequent neurodevelopmental morbidity in preterm 

infants.14,15  

Adverse neurodevelopmental outcomes are common in preterm infants, affecting nearly 1 million 

preterm infants who survive the neonatal period (first 28 days after birth) worldwide.16 These include 

varying severity of cognitive, motor, sensory, social, and behavioural deficits which may compromise 

quality of life of these individuals.17–19 In very and extremely preterm infants especially, the rate of 

survival with neurodevelopmental impairments is not decreasing.8  

Doyle et al. evaluated neurosensory outcomes at two years of age of extremely preterm infants born at 

22–27 weeks GA in the state of Victoria, Australia.18 Of the cohort (n=531 assessed from three eras: 

1991-1992, 1997, 2005), 44.6% showed mild to severe developmental delay and 48.4% had mild to 

severe disability.18 When assessed at eight years of age, the 2005 cohort of children did not show better 

neurodevelopmental outcomes, whereby 14% were diagnosed with cerebral palsy (CP), highlighting 

that improved neonatal care over the years have not translated to improved outcomes.20 It is indeed 

concerning that a baby born <32 weeks GA in high-income regions has only a 53% chance of surviving 

the neonatal period without later neurodevelopmental impairment.16 While moderate to late preterm 

infants – the largest and fastest growing subset of preterm neonates1,2 – are more mature in development 

at birth, their brains are still in a critical developmental time period and remain at risk of injury.21 

Compared to term infants, late preterm infants have been found to have a three-fold increased risk of 

developing CP and a greater risk for developmental delay and learning difficulties at school age.21,22 

Importantly, the impact of these morbidities extends beyond the neonatal period and the individual, 

persisting through childhood and early adulthood.19,23 

Economically, the cost associated with preterm birth is considerably high on individuals and the public 

sector.24 Neonatal hospitalisation costs increase significantly with decreasing GA, in part due to the 

medical resources required and length of neonatal intensive care unit (NICU) stay.24–26 Additionally, 

part of the economic burden is attributed to long-term care, in particular due to neurodevelopmental 

disabilities, of surviving very and extremely premature babies. The financial cost of CP was A$1.47 

billion in Australia in 2007, with an additional A$2.4 billion attributed to lost wellbeing27 while the 

average lifetime cost of CP in individuals in Denmark is estimated at €830,000 (~A$1.4 million), 

consisting largely of social costs including specialised education.28 It is obvious that neurological 

morbidities associated with preterm birth puts a huge economical strain on society. 
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Altogether, there is an urgent need to reduce the burden of adverse neurodevelopmental outcomes in 

preterm babies by reducing the incidence of brain injury itself. The underlying cause of brain injury is 

the immature brain, since key neurodevelopmental events which occur in utero are interrupted by 

preterm birth.  

1.2. Fetal brain development and vulnerability of the immature brain 
Brain development occurs throughout gestation and continues into early adulthood. Preterm babies 

born during critical developmental windows are at risk of interrupted normal brain development and 

altered developmental trajectories.29 These include progressive events such as neurogenesis, axonal and 

dendritic development, synaptogenesis, gliogenesis, and vascularisation, as well as regressive events such 

as synapse elimination, axon pruning, and apoptosis.30  

Between 23-32 weeks GA, key neurodevelopmental processes that are occurring include gliogenesis, 

the maturation of oligodendrocytes, and the establishment of the blood-brain barrier (BBB) [Fig. 1.1].30 

In addition, defence and repair mechanisms in the immature brain may be inadequate to prevent and/or 

repair damage sustained from insults,29 thereby also contributing to subsequent neurodevelopmental 

impairments.

Figure 1.1. Timeline of main fetal and postnatal neurodevelopment events in humans. 
The black arrowhead at 22 weeks marks the lowest possible gestational age of an extremely preterm 

infant because prior to then the lungs are too underdeveloped to support survival. To the right of that 

are processes likely to be compromised or altered following preterm birth. Reproduced with permission 

from Semple et al., 201330 with minor adaptations. 
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1.2.1. Gliogenesis and myelination 
Preterm birth at <32 weeks GA coincides with gliogenesis and synaptogenesis.30,31 Glial cells are 

specialised support cells crucial for normal nervous system development and function.32 The three main 

types of glia in the central nervous system (CNS) are microglia, astrocytes, and oligodendrocytes. 

Microglia are resident macrophages of the brain that also have roles in development.31,33 Amoeboid and 

intermediate microglial clusters are detected in the brain parenchyma from as early as 5.5 weeks GA.31,34 

These cells localise around blood vessels from 10 weeks GA in the expanding intermediate zone of the 

forebrain (future white matter) then subsequently extend to the grey matter anlagen.34,35 The 

heterogeneous subpopulations of microglia continue to develop and proliferate alongside neurons and, 

by 35 weeks GA, are present in the CNS as well-differentiated, ramified microglia in the resting 

phenotype.31,34–36 Microglia are crucial for normal brain development and have been associated with 

neuronal migration and cell death, phagocytosis of cell debris, angiogenesis, axonal development, and 

synaptic pruning.32,33,36–38 Furthermore, microglia are involved in vasculogenesis and BBB development 

in the embryonic brain.38 Besides regulating homeostasis through surveillance and scavenging functions, 

microglia can change activation states in pathological conditions to take on a spectrum of functional 

phenotypes.32,33,36,37  

Astrocytes develop later in gestation than microglia, often after initial neurogenesis in many CNS 

regions.39 Astrocytes are the most abundant cell type within the CNS and can be classified into two 

main populations: protoplasmic astrocytes found mainly in grey matter and fibrous astrocytes 

predominantly in white matter.32 Both astrocyte types are in extensive contact with blood vessels and 

contribute to angiogenesis.39 There are no astrocytes present in the developing brain when it is first 

vascularised, suggesting that they do not participate in the early stages of BBB development.40,41 

However, as brain development progresses, mature astrocytes produce factors that regulate BBB 

function and integrity.40 Astrocytes also play important roles in neuronal survival and axonal guidance, 

to regulate the extracellular environment, and to maintain brain metabolic homeostasis.32  

Given the vital homeostatic roles of microglia and astrocytes, it is obvious that any interruption or 

impairment in the development of these cells due to preterm birth can impact brain function. 

Importantly, both microglia and astrocytes are able to take on a reactive phenotype after an insult.37,42 

This shift to reactive phenotypes further diverts from the crucial developmental roles in addition to 

potentiating a harmful inflammatory environment.10 Much about the phenotypic characteristics of 

microglia have been inferred from peripheral macrophages – an M1 polarisation is pro-inflammatory 

with killing or growth-inhibitory capacity while an M2 polarisation is anti-inflammatory with growth-

promoting capacity.37 An increase in microglia activation can upset the balance of pro- and anti- 
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inflammatory factors, eventuating in a prolonged inflammatory environment that may cause injury to 

oligodendrocytes, neurons, and other cells.37 Microgliosis and astrogliosis can be pathogenic or 

protective; regardless, an imbalance of pro- and anti-inflammatory factors is detrimental to the 

immature brain.37,42 In particular, injury to cells of the oligodendrocyte lineage cells can lead to white 

matter injury which is commonly linked to neurodevelopmental impairments in preterm infants.10 

Oligodendrocytes are the myelinating glial cells in the CNS. The concentric wrapping of 

oligodendrocytes around neuronal axons forms an insulating layer (myelin sheath) that facilitates 

efficient action potential propagation.43 Oligodendrocyte precursor cells emerge after neurogenesis, 

between 20-24 weeks GA, pre-oligodendrocytes ensheath axons from 24-32 weeks GA, and the process 

of myelination continues through postnatal life to late adolescence.10,30,43 Hence, in the preterm infant, 

oligodendrocyte development and maturation are incomplete and at a stage of development that is 

extremely vulnerable to injury.43 Notably, myelination differs between cerebral regions, and the 

subventricular zone of the periventricular white matter (PVWM) where oligodendrocyte precursor cells 

reside is most commonly affected in preterm brain injury. Furthermore, the myelination process requires 

adequate access to substrates from blood vessels; therefore, white matter development is especially 

vulnerable to hypoxic-ischaemic episodes or when cerebral blood flow (CBF) is interrupted. 

1.2.2. Vascularisation 
Development of the brain vasculature occurs primarily through vasculogenesis and angiogenesis.32,44 

Vasculogenesis refers to development of vessels from in situ differentiation of mesoderm-derived 

angioblasts into endothelial cells44,45 whereas angiogenesis, primarily responsible for vascularisation of 

the brain, is the development of new vessels from pre-existing vessels.32,45 Branches of newly formed 

vessels anastomose with adjacent vessel sprouts to make up a capillary network in the ventricular zone 

of the developing brain.45,46 Grey matter vascularity begins to mature from 16 weeks GA, arterial 

development in other brain regions such as the brainstem, cerebellum, basal ganglia, and diencephalon 

occurs between 20–28 weeks GA, while white matter vascularity only increases after 32 weeks GA.47,48 

These vessels are composed of fenestrated endothelial cells that have no BBB properties – a vital 

complexity of the CNS vasculature.40,46 As endothelial cells penetrate neural tissue, they gradually lose 

fenestrations and develop specialised structural and functional BBB properties (discussed further in 

Section 1.2.3.2).40,46 

For preterm infants, incomplete vascularisation and the underdevelopment of penetrating vessels at the 

time of birth put watershed regions and deep cerebral structures at an increased risk of hypoxic ischaemic 

injury.49,50 For example, injury is common in white matter along the lateral ventricle between the distal 

fields of the middle cerebral and anterior cerebral arteries (frontal white matter).50 The immaturity or 
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absence of deep and short penetrating vessels may relate in part to the vulnerability of the PVWM and 

subcortical white matter (SCWM) respectively in extremely preterm infants.50 Furthermore, newly-

formed blood vessels are fragile and have a higher tendency of rupturing during surges in blood flow, 

which can result in haemorrhagic brain injury.51,52 In preterm infants, intraventricular haemorrhage 

(IVH) which originate within the germinal matrix – an area rich in proliferating neuronal and glial 

progenitor cells – may impact development and migration of these cells within the immature brain.14 

Additionally, immature vessels may not be sufficiently muscularised. Smooth muscle cells associated 

with the endothelium are responsible for local constriction or dilation of the blood vessels.53 

Neurovascular coupling – the process where local blood flow increases to meet the metabolic demand 

of neuronal activities – may be compromised, leading to inadequate sustenance of neuronal activity and 

function (discussed further in Section 1.2.3.1).9,52 

1.2.3. Neurovascular unit 
The endothelial cells of cerebral capillaries along with pericytes, astrocytes, and basal lamina are 

collectively known as the neurovascular unit [Fig. 1.2].40,46,54 The neurovascular unit is important in 

regulating neurovascular coupling (discussed in Section 1.2.3.1).46 Within the neurovascular unit, the 

endothelial cell layer physically forms the BBB, although the dynamic interaction of all cells within the 

neurovascular unit is vital to maintain BBB integrity.40,45,46,54 

Figure 1.2. Components of the neurovascular unit. Reproduced with permission from Badaut et al., 

2017.46 

1.2.3.1. Neurovascular coupling and cerebral autoregulation  
The ability of the neurovascular unit to alter CBF is vital to meet demands of neuronal activity and 

accommodate changes in systemic pressure. Neurovascular coupling refers to an increase in cerebral 
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perfusion, and hence oxygen and glucose, in response to and to support increased neuronal activity.40 

Cerebral autoregulation involves the alteration of cerebral vasculature resistance in response to changing 

perfusion pressures, to maintain homeostasis of cerebral perfusion.55 While the stimuli are different, 

both processes involve constriction and dilation of arteries and arterioles, with input from glial and 

neuronal cells in proximity with vasculature, to alter CBF.53,55 

The diameter of local cerebral blood vessels are regulated by vasoactive neurotransmitters and peptides 

released by neuronal axonal projections and astrocytic end feet onto arteriolar smooth muscle cells.46,53 

Furthermore, astrocytes have their end feet in close contact with brain endothelial cells, and because of 

this proximity to the blood vessels and neurons, can act as important metabolic sensors.40 Pericytes have 

been suggested to play an important role in regulating blood flow in capillaries.53  

1.2.3.2. The blood-brain barrier and neurovascular permeability 
The BBB segregates the brain parenchyma from the systemic circulation. Contrary to previous 

understanding that the BBB of a preterm infant is incomplete, it is now thought that the barrier is 

structurally intact but is either functionally immature or functionally adapted to the fetal environment 

and hence not well modulated in a preterm neonate.41 The structural integrity of the BBB is conferred 

mainly by tight junction proteins which are present early in development.40,41,54 Other junctional 

proteins include adherens junction and gap junction proteins [Fig. 1.3].54 

 

Figure 1.3. Illustration of the physical components of the blood-brain barrier. Endothelial cells are 

connected by adherens junction (AJ) proteins, gap junction (GJ) proteins, and tight junction (TJ) 

proteins. The expression of tight junction proteins is regulated by pericytes and astrocytes which are in 

close association with the endothelial cells. Reproduced with permission from Zhao et al., 2015.54  
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Adherens junctions and junctional adhesion molecules (JAMs) regulate trans-endothelial migration of 

lymphocytes from blood into the CNS.54 Furthermore, transmigration of peripheral immune cells into 

the CNS is restricted due to low expression of leukocyte adhesion molecules on brain endothelial cells, 

compared to non-neuronal endothelial cells.40 

Tight junction proteins include the cytosolic plaque protein zonulae occludens and transmembrane 

proteins such as the claudin family members, occludin, and JAMs.40,54 Together, these tight junction 

proteins, especially claudins, restrict paracellular diffusion of molecules into the CNS.40 The key 

claudins of the BBB are claudin-1, claudin-3, claudin-5, and claudin-12.45,54,56 Claudin-5, the major 

constitutive claudin at the BBB, is expressed in cerebral vessels as early as 12 weeks GA and is uniformly 

expressed in the cortex, white matter, and germinal matrix between 16 to 40 weeks GA in a linear 

manner.57–59 The expression of tight junction proteins is regulated by pericytes and astrocytes which are 

in close association with the endothelial cells.54 Tight junction proteins are dynamic and have the ability 

to relocate under various stimuli such as inflammation.56 The ratio and distribution of tight junction 

proteins affect the strength and integrity of the BBB.56 For example, redistribution of claudin-5 and 

occludin by caveolae-mediated endocytosis is associated with loosening of endothelial cell adhesions 

and formation of paracellular gaps.56 

However, in the preterm neonate, physiologic and metabolic regulation of the BBB by astrocytes, 

pericytes, and endothelial enzyme systems are likely adapted for in utero development and may 

contribute to BBB disruption.41 The consequence of this is that the BBB integrity of a preterm neonate 

may be more prone to compromise, allowing inflammatory or neurotoxic substances from the periphery 

to infiltrate the brain, leading to injury.  

Given the inherent risk of brain injury following preterm birth, it is unsurprising that additional 

interventions with the potential to impact key neurodevelopmental events in the immature brain can 

worsen disability.  Mechanical ventilation is one such intervention. 

1.3. Ventilation of the preterm neonate 
Preterm infants often require respiratory support due to reduced respiratory drive, weak chest muscles 

and flexible ribs, inadequate alveolarisation, insufficient surfactant production, and impaired lung liquid 

clearance. Approximately 60-95% of very and extremely preterm infants will require respiratory support 

during their neonatal period, whether in the delivery room or subsequently in the NICU or both.3,60–66 

1.3.1. Requirement for assisted ventilation in the delivery room 
Most infants can independently transition from fetal to newborn life, but many preterm infants will 

require assistance for this physiologically challenging process. The youngest infants often have difficulty 
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achieving a successful transition and with each decreasing week of GA, the need for resuscitation in the 

delivery room and the degree of the required respiratory support increases.67 Neonatal transition involves 

cardiovascular adaptations and, more importantly, respiratory adaptations since the newborn is no 

longer supported by the placenta for oxygenation.68   

The initiation of assisted ventilation in the delivery room aims to help the newborn overcome the first 

step of respiratory transition, which is to clear airway liquid and establish lung aeration for effective gas 

exchange.69–71 Infants who cannot spontaneously breathe at birth will require positive pressure 

ventilation (PPV), delivered using a T-piece resuscitator, flow-inflating bag, or self-inflating bag.69–71 

PPV is usually first delivered non-invasively via a face mask and infants who are still unable to initiate 

stable respiration are intubated.69,72 Extremely preterm infants may be electively intubated in the delivery 

room in some centres. In a small proportion of infants, failure to achieve adequate lung aeration in the 

face of falling heart rate may necessitate chest compressions and adrenaline administration during 

resuscitation.69  

Depending on GA, approximately 34 - 85% of preterm infants require PPV with intubation to establish 

lung aeration immediately after birth in the delivery room.3,63–66 In the United States, a study conducted 

on extremely preterm infants born at centres of the Eunice Kennedy Shriver National Institute of Child 

Health and Human Development (NICHD) Neonatal Research Network found that despite 

decreasing percentages of infants requiring intubation in the delivery room over the past two decades, 

the average percentage of extremely preterm infants who required this intervention in 2012 remains a 

staggering 65%.3 A similar trend was observed in North American hospitals in the Vermont Oxford 

Network where delivery room intubation rates decreased from 58.3% in 2000 to 54.5% in 2009, whereby 

more than half the very low birth weight (VLBW) preterm infants still required invasive respiratory 

support immediately after birth.63 More recently, a study from South Korea reported that between 2013-

2014, 88.3% of VLBW preterm infants received PPV and 77.7% required intubation in the delivery 

room.65 In Australia and New Zealand, 31.6% of very and extremely preterm babies registered to the 

Australian and New Zealand Neonatal Network (ANZNN) in 2017 required endotracheal intubation 

in the delivery suite.64 Although a much lower percentage than the other studies, this is more than triple 

the requirement of term babies in the same cohort (9.2%).64 Notably absent from these statistics are the 

infants who required non-invasive forms of ventilation in the delivery room, meaning the total 

percentage of preterm infants who need respiratory support immediately after birth is substantially 

higher.  
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1.3.2. Requirement for assisted ventilation in the NICU 
Preterm infants often continue to require respiratory support after transfer to the NICU. Approximately 

79.6-95.0% of very and extremely preterm infants require invasive mechanical ventilation in the 

NICU.61,64,73 In moderate to late preterm infants, the requirement for assisted ventilation, not necessarily 

invasive, is up to 91.3%.64 The cumulative duration of ventilation required differs, with the median 

duration ranging from 2-19 days, depending on the GA of the infant at birth and study periods.60,61,74,75 

In general, the lower the GA of the infant at birth, the longer the duration of ventilation 

required.61,64,73,74 A cohort study in South Korea reported that 38.5% of VLBW preterm infants 

received >7 days of mechanical ventilation.73 Importantly, the trends for long-term respiratory support 

in preterm infants do not seem to be decreasing.64,74   

1.3.3. Aspects of providing ventilation that may cause injury 
Despite it being a necessary life-sustaining intervention, assisted ventilation is linked to long-term 

morbidities in the preterm infant, specifically respiratory and neurodevelopmental outcomes. There are 

two key aspects of providing assisted ventilation to preterm infants that influence injury: 1) how 

ventilation is administered and 2) for how long.  These factors are crucial determinants of the degree of 

pulmonary inflammation and injury (ventilation-induced lung injury; VILI). Importantly, the initiation 

of VILI has systemic consequences and can initiate downstream pathways to elicit brain injury.  
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1.3.3.1. Ventilation-induced lung injury 
Mechanical ventilation can injure the immature lungs of preterm infants, primarily by atelectrauma, 

volutrauma, and biotrauma [Fig. 1.4].70,76–78  

 

Figure 1.4. Key mechanisms of ventilation-induced lung injury. (A) The normal alveolus and (B-C) 

the damaged alveolus following injurious ventilation. Reproduced with permission from Curley et al., 

2016.76 
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Atelectrauma refers to injury from cyclic collapse and reopening of alveoli and airway units due to 

inadequate volumes below the functional residual capacity.70,76–78 An example of atelectrauma is when 

insufficient positive end-expiratory pressure (PEEP) is applied during ventilation.70,76–78 Volutrauma 

refers to injury when the lungs are overdistended by volumes exceeding total lung capacity.70,76–78 An 

example of this is in response to excessively high tidal volume (VT), which has been found to be a major 

cause of lung inflammation and injury in the preterm infant.79,80 As few as six manual inflations of high 

VT are enough to induce injury in immature, surfactant-deficient lungs of preterm lambs.81  

Clinical trials have found that variable VT and PEEP during neonatal resuscitation in the delivery room 

can exceed recommended limits.82–84 Current neonatal resuscitation guidelines in the delivery room rely 

on visual assessment of chest rise to deliver an adequate VT during PPV where pressure monitoring is 

unavailable.69,85,86 Besides the subjective nature of this procedure, there is reduced ability to observe 

changes in chest wall movement when a preterm infant is covered to maintain thermoregulation during 

resuscitation, stabilisation, and transportation.86  

Schmölzer et al. reported delivery of VT during mask ventilation ranging from 0-31 ml/kg in preterm 

infants, with 85% of babies receiving a VT higher than the recommended 5-7 ml/kg.87 Similarly, van 

Vonderen et al. observed inspired VT of 7.9-22.6 ml/kg and expired VT of 6.8-15.4 ml/kg in extremely 

preterm infants.88 Although larger VT during face mask ventilation have been proposed to account for 

distention of the upper respiratory tract and to ensure adequate ventilation of distal airways, 

overdistension of the trachea potentially increases the risk of inflammation and injury.88 The above 

studies could not measure volume directed to the lungs. However, van Vonderen et al. also observed VT 

of 3.9-9.6 ml/kg during endotracheal tube ventilation which is still slightly higher than suggested 

volumes.88 Prophylactic pulmonary surfactant treatment can increase the uniformity of inflation and 

partially mitigate the early biomarkers of lung injury but high VT remains a risk for developmentally 

small lungs of preterm infants.78,89 Importantly, even if appropriate volumes are applied, mechanical 

stretch itself can activate an immune response in immature respiratory units.76  

The biological response to atelectrauma and volutrauma is known as biotrauma.76 Biotrauma refers to 

the release of inflammatory mediators following mechanical injury of the alveoli [Fig. 1.4C].76,77 

Mechanical or oxidative damage of airway and epithelium upregulates the expression and release of pro-

inflammatory cytokines such as interleukin(IL)-1 beta (IL-1β) and tumour necrosis factor (TNF).76,77 

This in turn stimulates the upregulation of monocyte-derived chemokines in the alveolar epithelium for 

leukocyte recruitment, which is facilitated by the breakdown of the alveolar-capillary barrier.76 For 

example, monocyte chemoattractant protein-1 (MCP1, alias CCL2 [C-C motif chemokine ligand 2]) 

recruits neutrophils and macrophages into the lung.90 Pro-inflammatory cytokines released by activated 
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neutrophils and macrophages can enter the systemic circulation and have adverse effects on other 

organs.76 Even short periods of mechanical ventilation have been associated with increased systemic 

plasma levels of IL-1β, IL-6, and IL-8 in preterm infants,91,92 which in turn have been associated with 

later development of chronic lung disease in extremely preterm infants.91,93 Furthermore, prolonged 

ventilation can lead to chronic pulmonary and systemic inflammation.94 Importantly, systemic 

inflammation secondary to lung injury can initiate cerebral inflammation which is a major cause of brain 

injury.9 

1.3.3.2. Effects of poorly controlled ventilation in the delivery room on the brain 
The intensity of delivery room resuscitation for infants who cannot spontaneously breathe (as discussed 

in Section 1.3.1) has been suggested to affect short- and long- term neurodevelopmental outcomes, 

although its exact impact remains unclear. Increased intensity of delivery room resuscitation increases 

the risk of IVH and white matter injury in moderately preterm infants.67 In very and extremely preterm 

infants, higher observed rates of brain injury and CP were reported with increasing levels of delivery 

room resuscitation but these differences did not persist after the rates were adjusted, suggesting that 

more intense delivery room resuscitation does not necessarily predict neurodevelopmental 

impairments.95 Nevertheless, it is important to note that regardless of the intensity of resuscitation, PPV 

in this setting is likely the least controlled respiratory support a neonate will ever receive, and suboptimal 

delivery of ventilation has proven to be injurious to the immature brain.87,96–98 Early PPV in the delivery 

room, both non-invasively via a face mask and through invasive intubation, has been associated with 

the development of severe IVH.97–99 

Further, ventilation-induced brain injury (VIBI) in the delivery room may be a downstream 

consequence of VILI. As mentioned above, it is challenging even for experienced clinicians to accurately 

estimate the VT delivered85,87 and a noticeably expanded chest wall from PPV may itself be a sign of 

lung overdistension. Indeed, excessively high VT causes volutrauma which is a major cause of lung 

inflammation and injury.70,77–80 Inappropriate ventilation pressures and volumes can also trigger the 

haemodynamic pathway of brain injury by altering pulmonary and cerebral haemodynamics.96 Together, 

these factors contribute to a suboptimal ventilation situation that leads to injury of the lung and, 

consequently, the brain.96 Preterm infants <33 weeks GA who developed IVH were found to have been 

resuscitated with a greater number of inflations resulting in VT >6 ml/kg in the delivery room, compared 

to infants who did not develop IVH.99 Undeniably, the use of excessive VT has dire consequences on 

the immature brain; preterm infants <29 weeks GA who received unintentional high VT ventilation (>6 

ml/kg, where median normal VT is 4.2-5.8 ml/kg) in the delivery room had a nearly four-fold higher 

incidence of IVH than infants who received normal VT (<6 ml/kg; 51% vs 13%).97,100 
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1.3.3.3. Effects of prolonged controlled ventilation in the NICU on the brain 
Compared to the initiation of PPV in the delivery room, PPV in the NICU is much more controlled 

with sophisticated equipment and vigilant monitoring of ventilation parameters.101 The precise effect 

of ventilation on the immature brain in the NICU setting has not been thoroughly investigated. 

Confounding factors such as analgesia and anaesthetics,102–104 oxygenation,105 and a plethora of other 

NICU interventions for a range of primary and/or secondary complications need to be considered; these 

are challenging to account for in clinical studies that aim to isolate the effects of ventilation. However, 

it is known that the duration of ventilation is an important determinant of neurodevelopmental 

morbidities.105 The length of ventilation, which is inversely related to GA at birth,106 correlates with 

poorer outcomes, particularly for the white matter of the brain.60,62,75,105  

In a retrospective analysis of extremely low birth weight (ELBW) infants, most of whom were extremely 

preterm, only 24% of infants who were ventilated for ≥60 days and 7% of those ventilated for ≥90 days 

survived without neurodevelopmental impairments.60 All infants who had been ventilated for ≥120 days 

and survived suffered some form of neurodevelopmental impairment.60 Indeed, the cumulative duration 

of mechanical ventilation has been associated with increased odds of PVL and/or IVH.61,62,73,98  

Additionally, prolonged periods of mechanical ventilation increases the risk of CP and attention deficit 

hyperactivity disorder in ELBW infants.107 

Attempts to shift management encouraging earlier extubation or less invasive ventilation strategies have 

not translated to improved neurological outcomes in preterm infants.108 Furthermore, limiting the 

duration of mechanical ventilation to reduce complications is not always feasible with preterm infants. 

Therefore, it is imperative to devise treatments for unavoidable brain injury from prolonged respiratory 

support.  

Our improved understanding of respiratory transition and lung function has led to significant advances 

in neonatal respiratory care, many of which aim to reduce the risk of chronic lung diseases and adverse 

neonatal outcomes. However, a significant proportion of preterm infants still develop long-term 

neurodevelopmental morbidities due to ventilation-induced injury. Thus, there is an urgent need to 

better understand the mechanisms behind VIBI.  
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1.4. Ventilation-induced brain injury (VIBI) 
VIBI refers broadly to pathology within the brain after mechanical ventilation. Various methods of 

respiratory support have been linked to cerebral inflammation and neuropathologies in preterm infants, 

including cystic PVL, diffuse white matter injury, and IVH.97,98,105,107,109  

Several explanations have been put forward to link ventilation and brain injury. Studies in ventilated 

preterm lambs have identified two major pathways of acute VIBI: cerebral inflammation and 

haemodynamic instability.80,96,110,111 Both pathways are proposed to be downstream effects of the 

pulmonary consequences following ventilation [Fig. 1.5].80,96,110 Incidentally, these key pathways mirror 

those of preterm brain injury – suggesting compounded risk of injury in preterm infants. The relative 

contribution of each pathway of injury is unknown. This information may be useful for developing 

targeted treatments. 

Figure 1.5. Proposed mechanisms of ventilation-induced brain injury. The initiation of injurious 

high tidal volume (VT) ventilation causes pulmonary inflammation which migrates systemically to the 

brain. Simultaneously, fluctuating carotid blood flow causes alterations to cerebral blood flow. These 

two pathways independently or converge to increase the risk and severity of white matter injury. 

Reproduced from Barton et al., 201596 under the terms of the Creative Commons Attribution 4.0 International 

License.  
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1.4.1. Haemodynamic pathway of injury 
The initiation of ventilation causes significant alterations to pulmonary blood flow and, as a result, 

CBF.80,110 In PPV, applying a high pressure into the airways decreases pulmonary capillary transmural 

pressure, causing compression of intra-alveolar capillaries, hence increasing capillary resistance and 

decreasing pulmonary blood flow.80,96,112 This reduces pulmonary venous return and left ventricular 

output, and consequently alters CBF.80,96,110 Prolonged CBF fluctuations for more than 10 to 20 s 

constitutes cerebral haemodynamic instability.113  

Arterial blood pressure variability within a physiological range is not usually a problem in term infants 

because it is compensated by pressure-flow autoregulation to sustain a stable CBF.55 This involves 

constriction and dilation of arteries to alter cerebral vasculature resistance in response to changing 

perfusion pressures.50,55 However, preterm infants are exceptionally susceptible to cerebral 

haemodynamic perturbations, in part due to underdeveloped vascular development.9,50 The immaturity 

or absence of muscles in penetrating cerebral arterioles contributes to susceptibility of the preterm infant 

to pressure-passive cerebral regulation,9,52,114 which has been associated with increased risks for 

subsequent PVWM injury.50 In addition, poorly muscularised vessels are prone to rupture during surges 

in arterial blood flow52 while an interruption in oxygenation can result in hypoxic-ischaemic injury.49 

Venules and veins are also susceptible to rupture following changes in blood pressure, contributing to 

BBB disruption.115  

1.4.1.1. Haemodynamic instability due to altered cerebral autoregulation 
While there is a lack of consensus on the state of cerebral autoregulation in preterm infants, prematurity 

and ventilation likely affect it. The autoregulatory plateau, bounded by lower and upper limits of arterial 

pressure, has been postulated to be narrower with decreasing GA.55,116,117 The exact limits of the 

autoregulatory pressure plateau in premature infants remain contentious and perhaps depend to a large 

extent on the GA of the infant.116 Papile et al. showed that CBF autoregulation is present and intact in 

preterm fetal sheep (118-122 days GA; 0.79 gestation) to maintain CBF of 75-86 ml/min/100g within 

mean arterial blood pressure boundaries of 45-80 mmHg.118 Even though the lower limit of 

autoregulation is similar to that of near-term and term lambs, the upper limit is ~15 mmHg lower, 

supporting the notion that the range of autoregulation in the preterm lamb is narrower.118,119 The resting 

mean arterial blood pressure of the preterm lamb also lies closer to the lower limit of autoregulation,9,118 

meaning that it is relatively easier for hypotension beyond the autoregulatory plateau compared to its 

term counterpart.9 Altogether, the cerebral circulation in preterm infants is extremely sensitive to even 

minor changes in systemic blood pressure. Even if cerebrovascular autoregulation is intact, severe 
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systemic hypotension or cerebral vasoconstriction can still result in significantly compromised CBF.9 

Moreover, an intervention such as mechanical ventilation is likely to alter cerebral autoregulation.  

Despite having established functional cerebral autoregulation in fetal preterm-equivalent sheep (110 

days and 118-122 days GA)118,120, it was absent in ventilated preterm lambs (127-132 days GA).121 The 

authors suggested that cerebral autoregulation may have been affected by preterm delivery and 

subsequent treatments reflective of clinical care, including ventilation.121 Pressure-passive circulation 

increases and the resulting cerebral haemodynamic instability escalates brain injury in the preterm infant, 

especially in arterial end vascular zones.9 Hypoperfusion in periventricular zones where there is a high 

concentration of oligodendrocyte precursor cells, which are highly vulnerable to hypoxia, increases the 

risk of myelination deficits and has been associated with diffuse white matter gliosis.9,49,116 The risk of 

synaptic dysfunction is also increased as neurons in areas of low CBF lose dendritic spines.53 Without 

adequate energy (adenosine triphosphate; ATP) supply, microglia cannot be activated in the presence 

of insults.53 Conversely, high CBF and CBF that rapidly oscillates between low and high flows increase 

the risk of haemorrhagic injury due to rupture of vessels.9,52,116 Approximately 91% of babies with 

respiratory distress syndrome who had fluctuating CBF after 12 h of life subsequently had IVH.122  

1.4.1.2. Altered blood-brain barrier 
Compromised BBB integrity and the resulting increased permeability are known contributors of 

preterm brain injury and VIBI.96 Indeed, BBB permeability increases during PPV.123,124 High mean 

arterial blood pressure beyond the cerebral autoregulatory range during PPV in newborn piglets 

increased BBB permeability to small water-soluble molecules (Na+-fluorescein).123 Prolonged duration 

of ventilation has also been shown to increase regional BBB permeability, such as in the cerebral cortex, 

thalamus, and hippocampus, in preterm lambs.124 Furthermore, compromised cerebral vasculature 

introduces systemic cytokines and peripheral immune cells into the CNS when the structural 

component of the BBB is breached.125  

1.4.2. Inflammatory pathway of injury 
The main mechanisms in the inflammatory pathway of VIBI are upregulation of pro-inflammatory 

cytokines and activation of glial cells within immature white matter [Fig. 1.6].9 Mechanical ventilation 

initiates a profound pulmonary inflammatory response that migrates systemically91,94,126 and 

subsequently elicits localised cerebral inflammation.80,96,110 Indeed, mechanical ventilation elevated levels 

of systemic pro-inflammatory cytokines (IL-1β, TNF) and downregulated levels of anti-inflammatory 

cytokines (IL-10) in late preterm and term infants after 2 h.91 Circulating phagocytes were activated by 

12-24 h after the onset of ventilation, suggesting a rapid systemic inflammatory response, in very 
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preterm infants with respiratory distress syndrome.126 Moreover, prolonged ventilation for 2 weeks 

contributes to systemic inflammation in extremely preterm infants, indicated by elevated levels of 

circulating pro-inflammatory cytokines (IL-1β, IL-6, IL-8, TNF).94 Systemic inflammation is a 

challenge to the CNS, much more to the susceptible immature brain of preterm infants. Studies have 

shown that the PVWM and SCWM regions in the brain are particularly vulnerable to inflammatory 

injury following ventilation.80,96,110  

Figure 1.6. Cerebral inflammatory response to systemic inflammation. In the disease state, localised 

cerebral inflammation results in microgliosis, astrogliosis, disruptions in tight junctions, a compromised 

blood-brain barrier, and demyelination. Figure reproduced from Sankowski et al., 2015127 under the terms 

of the Creative Commons Attribution 4.0 International License. 

Inflammatory cytokines have been postulated to cross the BBB by saturable transport.128 Moreover, 

ventilation-induced compromise in BBB function may aid infiltration of systemic circulating 

inflammatory proteins and peripheral leukocytes into the brain parenchyma of preterm infants.125 

Inflammatory conditions may in turn further disrupt the BBB by altering expression of tight junction 

proteins and inducing expression of cell surface adhesion molecules of endothelial cells.29,129 This further 

facilitates immune cell infiltration into the CNS.29 Clinical systemic inflammatory conditions such as 
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bronchopulmonary dysplasia (BPD), sepsis, and necrotising enterocolitis in preterm infants have been 

associated with an increased risk of neurodevelopmental impairments.42,127,130 This might be mediated 

by localised cerebral inflammation, when recruited microglia and astrocytes cause injury to 

oligodendrocytes in the developing brain, resulting in white matter abnormalities.29,125,127,131 

1.4.3. Neuropathology in preclinical studies 
VIBI in the preterm neonate can lead to devastating lifelong neurological impairment. Some aspects of 

this injury have been characterised in preclinical studies and will be discussed here as cerebral changes 

due to either acute injurious ventilation or prolonged ventilation.  

To represent poorly regulated VT  in the delivery room, lambs in these studies were exposed to 15 min 

of PPV with stepwise increments of VT to achieve a high target VT of 10-15 ml/kg, which is 2-3 times 

the normal VT of lambs for that GA (125 days of term 148 days; ~5-7 ml/kg).80,96,110,132–137 High VT 

ventilation caused a robust pulmonary inflammatory response which increased systemic and cerebral 

inflammation, characterised by elevated IL6 and IL8 messenger ribonucleic acid (mRNA) levels in the 

PVWM and SCWM of the brain in ventilated preterm lambs.110,133,135 Increased microglial activation 

and aggregation as well as a higher incidence of vascular protein extravasation (indicative of a 

compromised BBB) and cerebral haemorrhage in the same regions were also observed [Fig. 1.7].110,133,136 

Acute injurious ventilation did not alter expression of myelin basic protein (MBP; oligodendrocyte and 

myelin marker) in the internal capsule or neuronal nuclei (NeuN; neuronal marker) in the thalamus138 

and did not increase inflammation or injury in grey matter.139  
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Figure 1.7. Pathology of acute ventilation-induced brain inflammation and injury 2 h after injurious 

ventilation. Compared to unventilated control (UVC) lambs, preterm lambs ventilated with high tidal 

volume (VENT) have (A,B) larger, denser microglial aggregations, (C, D) increased microglial density, 

(E, F) increased protein extravasation, and (G, H) increased astrogliosis in the subcortical white matter 

of the parietal lobe. Scale bar = 50µm. Reproduced from Barton et al., 201596 under the terms of the Creative 

Commons Attribution 4.0 International License.  

Importantly, pathology resultant from injurious ventilation can be visualised using non-invasive imaging 

such as MRI111,134,140 and correlated with histopathology.138 Magnetic resonance spectroscopy (MRS) 

detected acute changes in brain metabolite peak-area ratios (lactate/creatine and lactate/choline) in 

preterm lambs that received high VT ventilation although macroscopic injury was absent.134 Alterations 

in MRS-detected metabolite levels relate to neuronal damage and potentially predict subsequent 

neurodevelopmental impairments.141,142 Notably, these MRS changes were observed within 90 min of 

ventilation onset.134 Recent findings suggest that MRS-detectable changes persist 24 h after injurious 

ventilation.111 Diffusion tensor imaging (DTI) perhaps offers the most sensitive measures of early brain 

injury. DTI detected decreased diffusivity measures in the frontal white matter (axial, radial, and mean) 

and internal capsule (axial) in preterm lambs 24 h after injurious ventilation.111 These parameters have 

been suggested to correlate with axonal loss and myelination deficits.111  
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Long-term ventilation studies in preterm baboons and lambs suggest that the brain injury underlying 

neurodevelopmental impairments in chronically ventilated preterm infants involves subtle diffuse white 

and grey matter lesions, often without intraventricular or germinal matrix haemorrhage and overt lesions 

or infarcts.105,143–146 Preterm baboons (125 days of term 185 days; 0.68 gestation) were cared for with 

similar interventions to that of preterm infants in the NICU, including mechanical ventilation using a 

gentle strategy to maintain VT at 4-6 ml/kg with adequate chest motion.144,147 While not investigating 

injury from ventilation per se, the brain injury observed in these animals was not from any direct insult 

nor influenced by potentiating conditions associated with preterm birth nor an adverse uterine 

environment. The subtle neuropathologies from preterm birth and subsequent intensive care alone 

closely resemble what is observed clinically.143,144,146,148 After 14 days of ventilator support, preterm 

baboon brains showed delayed gyrification,145,146 reduced brain weight,143,145,146 reduced white and grey 

matter volumes,143,145 increased white and grey matter injury,144 increased astrogliosis in the forebrain,143 

increased ramified microglia,143 and a reduction of oligodendrocytes143,145 compared to gestation-

matched controls. These histopathological indices correlated with microstructural and macrostructural 

changes detected by ex vivo MRI of immersion fixed brains.148 Baboons have also been used to 

investigate different modes of ventilatory support including high frequency oscillation143 and continuous 

positive airway pressure.149  

Preterm lambs (125 days of term 145 days; 0.85 gestation) ventilated with a gentle strategy (VT at 5-7 

ml/kg) had increased IL8 and connective tissue growth factor (CTGF) mRNA levels and decreased 

vascular occludin protein density in the white matter after 2 h.150 In another study, preterm lambs of 

similar GA (126 days) ventilated for 2 h, 6 h, or 24 h (VT at 7-8 ml/kg) showed no changes in IL1B, 

IL6, IL8 and TNF mRNA levels in the PVWM when compared to unventilated controls, across all 

ventilation durations.151 Histologically, preterm lambs that received 24 h of ventilation had increased 

astrogliosis within cortical grey matter but otherwise no apparent neuropathology or changes in glial 

cell populations compared to unventilated control lambs.152 

1.4.4. Potential management strategies and treatments 
There is presently no cure for preterm brain injury. Current clinical trials for preterm brain injury rarely 

account for ventilation as a covariate. It is unlikely that a single strategy will prevent or reduce VIBI. 

The key might lie in a multipronged approach that involves reducing the requirement for or duration 

of respiratory support, optimising how PPV is administered to avoid adverse effects, and reducing the 

sequelae of unpreventable adverse effects of PPV.  

In the delivery room, therapies such as caffeine may help to improve respiratory efforts of preterm 

infants, potentially reducing the need for invasive respiratory support.153 Indeed, spontaneous 
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respiratory drive is a determinant of effective use of gentle non-invasive respiratory support.154 Gentle 

ventilation strategies do not completely mitigate injury but result in less brain inflammation and vascular 

extravasation by improving cerebral haemodynamic stability.80,110,134,155 Similarly, physiological-based 

cord clamping (PBCC) can stabilise pulmonary, systemic, and cerebral circulation in preterm156,157 and 

near-term lambs,158 essentially mitigating the haemodynamic pathway of injury, but it is unlikely to 

prevent VIBI resultant from the inflammatory pathway. PBCC refers to delaying umbilical cord 

clamping until lung aeration has been established in the newborn, either by stimulating spontaneous 

breathing or providing respiratory support, prior to umbilical cord clamping.156–158 These studies 

indicate that our current efforts to minimise the need for respiratory support and, where respiratory 

support is necessary, improve the way PPV is administered are inadequate to prevent VIBI. There is an 

apparent need to devise a therapy that targets both pathways of VIBI, with a focus on modulating 

inflammation.  

To date, animal experiments have investigated short-term effects of erythropoietin (EPO) and human 

amnion epithelial cells (hAECs) as prophylactic postnatal treatments for VIBI resultant from acute 

volutrauma.133,135,159 These treatments have proposed mechanisms of action that make them ideal 

candidates for neuroprotection. EPO has anti-inflammatory, anti-apoptotic, and neurotrophic 

properties while hAECs are anti-inflammatory and reparative.160  

When administered to preterm lambs that received 15 min of injurious high VT ventilation, single early 

low doses of human recombinant EPO (300 IU/kg and 1000 IU/kg) did not reduce or exacerbate lung 

and brain injury,159,161 suggesting that EPO doses presently used in clinical trials appear to be safe for 

preterm infants receiving respiratory support. However, they appear to not be efficacious as a therapy 

for VIBI given the lack of therapeutic potential observed. High doses of EPO of 3000 IU/kg and 5000 

IU/kg increased cerebrospinal fluid EPO levels to “neuroprotective levels” (>100 mU/ml 162) within 2 h 

of administration.133,159 These high doses respectively had a protective effect on BBB integrity159 and 

differential regional effects on white matter133 despite both doses amplifying lung inflammation and 

injury.161,163 Together, these data highlight a complex dose response with distinct effects on the lungs 

and brain, indicating that further investigation is required to elucidate the efficacy of EPO in the context 

of a preterm infant requiring respiratory support.  

In a similar study, preterm lambs that received high VT ventilation were administered an intratracheal 

infusion of 9×107 hAECs before ventilation onset and an additional intravenous dose of 9×107 hAECs 

within 5 min of delivery (total 1.8×108 hAECs).135,164 The cells were able to enter the brain within 2 h 

of administration, as detected by fluorescent cell labelling in the frontal and parietal PVWM and 

SCWM.135 Cell administration reduced microgliosis and vascular protein extravasation,135 potentially 
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as a downstream effect of reduced pulmonary inflammation.164 However, hAECs did not stabilise 

haemodynamic transition or modulate systemic inflammation within the brief period of the experiment, 

and conversely they induced an increase in pro-inflammatory cytokine mRNA levels within the 

brain.135,164 Further long-term effects of hAECs on acute VIBI have not been investigated to accurately 

determine the interaction of hAECs and ventilation on the preterm brain.   

Chronic ventilation studies in animals have so far focused on treatments to reduce lung rather than 

brain injury. Sheep fetuses ventilated in utero for 12 h and administered an intratracheal infusion of 

3×107 hAECs and an intravenous dose of 3×107 hAECs at 3 h and 6 h after ventilation onset (total 

1.2×108 hAECs) demonstrated a reduction in VILI,165 and as such may have the potential to reduce 

VIBI. However, this remains a speculation.  

1.4.5. Summary of VIBI 
In the background of incomplete brain development, the brain of a preterm infant is highly susceptible 

to injury following insults that increase cerebral inflammation and haemodynamic instability. 

Mechanical ventilation, which many preterm infants will be exposed to, has the propensity to amplify 

these pathways of injury. VIBI can manifest as early on as the initiation of ventilation in the delivery 

room and the neonatal period when the infant is in the NICU. 

There are currently no preventative therapies or cures and existing therapies only aim to manage 

sequelae of brain injury. Given the increasing number of surviving preterm infants, the incidence of 

VIBI is likely to rise. Thus, there is an urgent need to elucidate the underlying causes of VIBI and 

identify targeted treatments accordingly, so as to prevent VIBI or promote repair of damaged brain 

tissue. 

1.5. Umbilical cord blood (UCB) 
Therapies involving stem cells – cells with the capacity for self-renewal and differentiation166 – have 

recently emerged as a promising candidate for neuroprotective treatment. While the optimal source of 

stem cells is not known, stem cells derived from the umbilical cord and placenta can be collected non-

invasively after birth and have shown lower immunogenicity than cells derived from adult tissue (e.g. 

bone marrow).166–169 Cells derived from umbilical cord blood (UCB) have been investigated as a 

potential treatment for neurological conditions.169,170  

1.5.1. UCB composition 
For therapeutic use, UCB is first processed to remove erythrocytes, platelets, and plasma, then the 

remaining fraction of nucleated cells is cryopreserved (herein referred to as UCB cells).171 Because this 
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fraction contains variable proportions of constituent cells, there is increasing interest to isolate individual 

cell populations before cryopreservation.167,171 UCB cells consist of granulocytes (neutrophils, basophils, 

eosinophils), lymphocytes (T cells, B cells, natural killer cells), monocytes, and approximately 2-10% 

stem and progenitor cells.169,170,172 The heterogeneity of cells in UCB implies a range of potential 

mechanisms of action by which UCB can protect or repair the brain with the principle action to 

modulate inflammation.167 In particular, monocytes and monocyte-derived suppressor cells, regulatory 

T cells (Tregs), and a subset of stem and progenitor cells have been proposed to be of therapeutic benefit 

in the context of neonatal brain injury [Fig. 1.8].171   

 

Figure 1.8. Potential therapeutic cell types in umbilical cord blood. Original figure using information 

from McDonald et al., 2017.171  

Tregs found in UCB express naïve T-cell markers and together with monocytes and monocyte-derived 

suppressor cells help to modulate immune responses.171,173 Both Tregs and monocytes have anti-

inflammatory subsets and given the abundance of these cell types in UCB, this may suggest that a main 

effect of UCB cell therapy is in mediating inflammation.171  

The three principal types of stem cells found in UCB are endothelial progenitor cells (EPC), 

haematopoietic stem cells (HSC), and mesenchymal stromal cells (MSC).171,174,175 EPCs are 

vasculogenic and have been shown to promote the growth of new vessels and repair damaged vessels in 

mice.176 In addition to their angiogenic properties, EPCs derived from human UCB have been shown 

to promote differentiation of other progenitor cells through paracrine signalling in vitro.171,177 HSCs are 
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CD34+ cells that can mature into various blood cell lineages.169,171 HSCs account for approximately 0.5-

1.0% of UCB mononuclear cells,168 and have been shown to reduce neural damage after stroke in adult 

rodents, although not as well as whole UCB mononuclear fraction.172 MSCs make up a small proportion 

of stem cells in UCB and are not necessarily present; they were found in only 10-30% of human term 

UCB samples.171,178 MSCs produce immunoregulatory factors upon stimulation by inflammatory 

mediators to reduce immune cell activation.179 MSCs can also secrete factors that promote tissue repair 

and growth while decreasing cell death.179 For example, IL-6 released by MSCs reduced apoptosis of 

astrocytes in neonatal rats with hypoxic-ischemic brain damage.180 Additionally, in vitro experiments 

have found that MSCs can differentiate into various cell types including neurons, astrocytes, and 

oligodendrocytes following neural induction.181,182 

1.5.2. Umbilical cord blood cells and neonatal brain injury 
The potential of UCB cells to prevent and reduce neonatal brain injury has been widely investigated in 

preclinical and clinical studies.167,175,183 It is not known how rapidly UCB cells are cleared when 

administered systemically or if these cells can freely cross the BBB into the brain.170 Given that BBB 

integrity of the preterm brain is often compromised, and that leukocyte infiltration is not uncommon 

in disease, it is likely that at least some UCB cell types enter the brain parenchyma. Aridas et al. noted 

a sparse distribution of autologous UCB mononuclear cells in the brains of newborn lambs 60 h after 

intravenous administration184 while Li et al. found limited numbers of allogeneic UCB cells in the brains 

of lambs with hypoxic-ischaemic injury 10 days after administration.185 Regardless, the presence of UCB 

cells and engraftment within the brain parenchyma may not be essential for neuroprotection.169,171,186,187 

UCB cells may be able to modulate injury by acting on upstream injury pathways, targeting the 

pulmonary or systemic systems. Indeed, UCB cells administered to rabbit kittens reduced motor deficits 

associated with CP although the cells could not be detected within the brain parenchyma 24 h after 

administration.186 Similarly, in an adult rat model of stroke, UCB cells combined with mannitol (BBB 

permeabiliser) reduced cerebral infarcts and motor and cognitive deficits despite not being detected in 

the brains of the animals.187 The benefits of UCB cell therapy may instead be attributed to the release 

of trophic factors such as glial cell line-derived neurotrophic factor (GDNF) and brain-derived 

neurotrophic factor (BDNF) which can cross the BBB under the right conditions.169,171,187 It is unclear 

if these trophic factors are released by the administered UCB cells themselves or by endogenous cells 

upon stimulation by the UCB cells.171  

The range of mechanisms of action of UCB cells show promise in ameliorating VIBI, by modulating 

the inflammatory pathway of injury. However, the potential of UCB cells to protect against VIBI has 

not been evaluated. 
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1.6. Summary and thesis aims 
Following advancements in neonatal healthcare, there is ubiquitous consensus that the aim of neonatal 

resuscitation should go beyond survival and focus on preserving quality of life of surviving preterm 

infants. However, it remains a great challenge to identify strategies for better neurodevelopmental 

outcomes. Risk factors such as the mode and duration of mechanical ventilation are potentially 

modifiable, but we need to understand if improving these aspects of care sufficiently prevents VIBI, and 

if not, effort needs to be put into developing practical preventative or treatment strategies. Recognising 

the consequences and understanding the injury pathways of acute injurious and prolonged mechanical 

ventilation will aid in this goal.  

As such, the overall aim of this thesis is to provide insight into the mechanisms of VIBI and to evaluate 

the therapeutic benefits of existing treatments, such as UCB cells, that target these pathways of injury. 

This is broken down to three specific aims and hypotheses as follows: 
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Aim 1 (addressed in Chapter 3) 
Aim 1A: To establish the pattern of brain injury within the PVWM and SCWM of preterm lambs 
24 h after 15 min of injurious ventilation.  

Aim 1B: To determine the relative contributions of the two major pathways of VIBI: cerebral 

inflammation and haemodynamic instability.  

To address Aim 1, an ovine fetal head-out ventilation model was used with four experimental groups 

[Fig. 1.9]. 

Figure 1.9. Experimental groups for Chapter 3, to investigate the relative contribution of the pathways 

of acute ventilation-induced brain injury in preterm sheep.  

 

Hypotheses for aim 1 
I hypothesised that high VT ventilation would result in PVWM and SCWM injury detectable by 

molecular and histological analyses 24 h after the insult. Further, inflammation was hypothesised to be 

the dominant pathway of injury.  
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Aim 2 (addressed in Chapter 4) 
To determine if UCB cells prevent or reduce PVWM and SCWM injury in preterm ventilated lambs 

by attenuating cerebral inflammation. 

To address Aim 2, an ovine fetal head-out ventilation model was used. The UCB cells-treated group 

was compared against animals from Chapter 3 [Fig. 1.10].  

 

Figure 1.10. Experimental groups for Chapter 4, to investigate the effects of umbilical cord blood cells 

on periventricular and subcortical white matter injury in preterm sheep following injurious ventilation. 

Ventilation was conducted with intact placental circulation. Umbilical cord blood cells were 

administered 1 h after the initiation of injurious ventilation. Asterisk denotes common experimental 

groups to Chapter 3. 

 

Hypothesis for aim 2 
I hypothesised that early administration of UCB cells would reduce ventilation-induced cerebral white 

matter injury, assessed by molecular and histological means, 24 h after the high VT ventilation insult.  

  

 

  
  

  
  

 

 
 

 

 

 

 

  

Instrumentation 
only

No treatment

Umbilical cord 
blood cells

Fetal 
surgery

Instrumentation 
and ventilation

UNOP*

SHAM*

INJ* 
(n=7)

INJ+UCBC 
(n=7)

Pregnant 
ewes

No fetal 
surgery

CONT 
(n=12)

 

CHAPTER FOUR

125 days GA 126 days GA 



Chapter One: Introduction 

29 
 

Aim 3 (addressed in Chapter 5) 
To establish the pattern of injury within the PVWM and SCWM in preterm-equivalent fetal sheep 

after 24 h of ventilation. 

To address Aim 3, an ovine in utero ventilation model was used with two experimental groups [Fig. 

1.11].  

 

Figure 1.11. Experimental groups for Chapter 5, to investigate periventricular and subcortical white 

matter pathology after 24 h of ventilation in preterm-equivalent sheep fetuses.  

 

Hypothesis for aim 3 
I hypothesised that continuous ventilation for 24 h would result in reproducible PVWM and SCWM 

injury in the immature brain, which can be detected by molecular and histological analyses.  

No ventilation
CONT 
(n=10)

VENT 
(n=9)

Pregnant 
ewes

Fetal 
surgery

Ventilation

CHAPTER FIVE

110 days GA 113 days GA 112 days GA 



 

30 
 

Chapter Two: General Methodology 

Sheep were used in all the experiments in this thesis. The pregnant sheep and fetus tolerate surgery well, 

meaning surgical intervention is unlikely to initiate preterm delivery. This is advantageous for 

experiments requiring instrumentation of the fetus. Moreover, the size of a preterm lamb is similar to 

that of a neonate, allowing the use of ventilators that closely mimic clinical settings. Sheep are precocial 

and the ovine fetal brain developmental milestones are comparable to that of humans. Ovine brain 

development has been extensively characterised. The appropriateness of using sheep as a model for VIBI 

is discussed further in Appendix I (Review).  

2.1. Animal ethics and welfare 
All experimental procedures were approved by the Monash Medical Centre Animal Ethics Committee 

A, Monash University, and were conducted in accordance with the National Health and Medical 

Research Council of Australia’s guidelines.  

2.2. Experimental design –  
Brain injury 24 h after injurious ventilation (Chapters 3 & 4) 

Date-mated pregnant Border-Leicester ewes were delivered from Monash Animal Research Platform 

(MARP) Gippsland Field Station to MARP Clayton prior to transfer to the Monash Biomedical 

Imaging (MBI) facility to allow graded acclimatisation. A total of 31 pregnant ewes with singleton or 

twin fetuses were delivered to MBI at least two days prior to experimental surgery. Ewes were housed 

with a companion sheep at room temperature under a 12 h light/dark cycle and their pens were cleaned 

daily. Ewes had constant access to drinking water, were fed chaff daily, and were fasted at least 16 h 

prior to surgery. General wellbeing of the ewes was monitored and noted daily; all ewes were deemed 

healthy for participation in the studies.  

Lambs were randomised to one of five groups: 

1) Unoperated control (UNOP; n=7): Lambs did not undergo fetal surgery or ventilation and were 

used to control for the surgical intervention.  

2) Sham surgery control (SHAM; n=5): Lambs underwent fetal surgery, were instrumented and 

intubated, but did not receive mechanical ventilation to control for the experimental 

intervention.  
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3) Injurious ventilation (INJ/INJINF; n=7): Lambs received 15 min of high VT ventilation, with 

intact placental circulation, to initiate predominantly the inflammatory pathway of VIBI. 

4) Injurious ventilation with umbilical cord occluded (INJINF+HAE; n=7): Lambs received 15 min 

of high VT ventilation during which the umbilical cord was occluded. The removal of the 

placental circulation simulates umbilical cord clamping to initiate the haemodynamic pathway 

of VIBI in addition to the inflammatory pathway. The umbilical cord occlusion was released 

after the 15 min of injurious ventilation and placental blood flow to the fetus was restored. 

5) Injurious ventilation with umbilical cord blood cell treatment (INJ+UCBC; n=7): Lambs 

received 15 min of high VT ventilation, with intact placental circulation. Lambs were 

administered 80 million allogeneic UCB cells 1 h post-ventilation.  

The experimental protocol spanned two days. Fetal surgery was performed on the first day (except 

UNOP) and the ewe was allowed to recover for 24 h. The fetus was monitored via arterial blood gases 

during this 24 h. On the second day, all lambs were delivered and underwent magnetic resonance 

imaging (MRI) of the brain. Immediately after MRI, lambs were euthanised (sodium 

pentobarbitone >100 mg i.v.; Valabarb Euthanasia Solution; Jurox, NSW, Australia) for tissue 

collection. Ewes were euthanised (overdose of sodium pentobarbitone i.v.; Valabarb) after delivery of 

the lambs. 

2.2.1. Fetal surgery 
Sterile fetal surgery was conducted at 125 ± 1 days gestation (mean ± SD; term ~148 days). The ventral 

surface of the ewe’s neck was shorn to expose the jugular vein. The ewe was anaesthetised by intravenous 

(i.v.) injection of thiopentone sodium into the jugular vein (20 mg/kg i.v.; Jurox, NSW, Australia). 

Upon sedation, the ewe was transferred onto the surgical table, placed in the supine position, intubated 

with an endotracheal tube (ID 8.0 mm; Smiths Medical, UK), ventilated (EV500 Anaesthesia ventilator; 

ULCO Medical, NSW, Australia), and maintained on anaesthesia via inhaled isofluorane (1.5-2.5% in 

oxygen; Bomac Animal Health, NSW, Australia) for the entirety of the experiment. Wellbeing of the 

ewe was constantly monitored to ensure adequate anaesthesia throughout the experiment. Prophylactic 

antibiotics (1 g Ampicillin i.v.; Alphapharm, NSW, Australia and 500 mg Engemycin i.v.; Coopers 

Animal Health, VIC, Australia) were administered via the maternal jugular vein at least 30 min before 

the surgical procedure.    

The right flank and abdomen of the ewe were shorn and thoroughly cleaned using multiple applications 

of chlorhexidine (0.5% w/v in 70% ethanol; Johnson & Johnson Medical, Australia), triplicate washes 

with Betadine surgical scrub (7.5% w/v povidine-iodine; Faulding, Australia), and finally sprayed with 
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Betadine antiseptic solution (10% w/v povidine-iodine; Faulding, Australia) to cover the entire surgical 

site. Sterile drapes were placed over the ewe, exposing only the immediate incision site. All surgical 

instruments used were sterile. Operators performing the surgery were surgically scrubbed in. The 

surgical scrub procedure involves decontaminating the hands and arms (chlorhexidine; 0.5% w/v in 70% 

ethanol and Betadine surgical scrub; 7.5% w/v povidine-iodine), donning a sterile surgical gown, and a 

pair of sterile gloves. 

Local anaesthetic (12.5 mg bupivacaine hydrochloride; Marcaine; Astra Zeneca, NSW, Australia) was 

subcutaneously injected at the abdominal incision site on the ewe prior to incision. A midline 

laparotomy was performed to expose the uterus, and the fetal head and neck were exteriorised. Polyvinyl 

catheters (ID 0.86 mm, OD 1.52 mm; Dural Plastics & Engineering, NSW, Australia) were inserted 

in the left carotid artery and jugular vein of the fetus. An ultrasonic flow probe (3PS; Transonic Systems, 

NY, USA) was placed around the right carotid artery to monitor carotid blood flow. For INJINF+HAE 

lambs, an occluder was placed around the umbilical cord (Chapter 3).  

The fetal chest was exteriorised and the fetus was intubated with a cuffed endotracheal tube (ID 4.0-

4.5 mm; Smiths Medical, UK) and lung liquid was passively drained. SHAM animals remained 

intubated and exteriorised for 15 min without mechanical ventilation. The umbilical cord occluder was 

inflated when ventilation commenced and removed at the end of the ventilation period to restore 

placental blood flow to the fetus (INJINF+HAE only). INJ animals received 15 min of injurious ventilation 

as described below. 

2.2.2. Injurious ventilation strategy 
Ventilation was conducted for 15 min under sterile conditions using a neonatal positive pressure 

ventilator (Babylog 8000+, Dräger, Lübeck, Germany) with a sterile circuit using heated, humidified 

air (Fisher and Paykel Healthcare, Auckland, New Zealand). The weight of the fetus was estimated 

using historical age-matched fetal data to determine a target VT of 12-15 ml/kg. Ventilation was 

initiated with a peak inspiratory pressure (PIP) of 40 cmH20, positive end expiratory pressure (PEEP) 

of 5 cmH20, fraction of inspired oxygen (FiO2) at 0.21, inspiratory time 0.6 s, and expiratory time 0.6 s. 

PIP was adjusted to an upper limit of 45 cmH20 to escalate VT to 10 ml/kg by 10 min and 12-15 ml/kg 

by 15 min. Sustained inflations (maximum set PIP for 5 s) were used to recruit the lung. 
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2.2.3. Surgical wound closure and post-surgery monitoring 
After ventilation, the fetus was extubated. Flow probes were removed and the incision site in the neck 

was sutured closed before the fetus was returned to the uterus. Fetal catheters were affixed with three-

way taps and externalised through the ewe’s right flank via a small incision to allow periodic blood 

sampling and administration of UCB cells (Chapter 4). The abdominal and flank incisions were sutured 

closed and the incision sites were irrigated with Marcaine (Astra Zeneca, NSW, Australia). Additional 

analgesia was provided to the ewe via buprenorphine (0.3 mg i.m.; Temgesic; Reckitt Benckiser, UK) 

and a transdermal fentanyl patch (75µg/h; Janssen-Cilag, NSW, Australia) was applied for post-surgical 

pain relief.  

The ewe was returned to a mobile pen and regularly monitored for 24 h. Ewes had access to chaff 

immediately after surgery and were provided water once they were alert and had good neck tone. Ewes 

were fasted for at least 8 h prior to delivery the following day but still had access to drinking water.  

2.2.4. Umbilical cord blood cell preparation and administration  

(Chapter 4 only) 
At 1 h post-ventilation, 80 million allogeneic UCB cells were administered to the fetus via the jugular 

vein catheter. The cells were suspended in 3 ml of phosphate-buffered saline (PBS; Gibco, MA, USA) 

which was administered slowly over 2 min. The catheter was flushed with 3 ml of sterile heparinised 

saline to ensure all the cells were administered.  

UCB cells were obtained from healthy term lambs (141 days gestation) undergoing procedures in a 

separate study, using UCB collection and UCB cells preparation protocols as previously 

described.184,188,189 Briefly, approximately 90-100 ml of cord blood was collected via the two umbilical 

veins of each lamb. The mononuclear cell layer was obtained by centrifuging the blood at 1000 × g for 

12 min with no brake and the buffy coat was collected and washed in PBS. Red blood cells were lysed 

by combining cells with lysis buffer (ammonium chloride, potassium bicarbonate, and 

ethylenediaminetetraacetic acid [EDTA] in MilliQ water). The lysis reaction was stopped with excess 

media (16.5% fetal bovine serum [FBS] in DMEM:F13; Gibco). Cells were centrifuged at 400 × g for 

5 min, supernatant was aspirated, and the cells resuspended in media. Cells were manually counted and 

their viability was assessed using trypan blue exclusion dye (Gibco) and a haemocytometer. UCB cells 

were cryopreserved in dimethyl sulfoxide (10% DMSO, Sigma-Aldrich, MO, USA in FBS) and stored 

in liquid nitrogen before retrieval for administration. On the day of experiment, the cells were rapidly 

thawed in a 37°C water bath, washed with media, re-suspended in PBS and recounted, then kept on 

ice until administration.  
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2.2.5. Lamb delivery and stabilisation 
At 24 h post-ventilation, ewes were anaesthetised again as described above, and the fetus was delivered 

via caesarean section at the same incision site as made previously. A transcutaneous oximeter (Masimo, 

CA, USA) was attached to the fetus’s tail to monitor oxygen saturation level and heart rate. UNOP 

lambs were instrumented with arterial and venous polyvinyl catheters prior to delivery.  

All lambs were dried, intubated, and stabilised with a gentle ventilation strategy (Babylog 8000+, 

Dräger). Ventilation was initiated in volume-guarantee mode set at 7 ml/kg, maximum PIP 40 cmH2O, 

PEEP 5 cmH2O, inspiratory time 0.6 s, and expiratory time 0.6 s. FiO2 was set initially at 0.4 but 

adjusted to maintain arterial oxygen saturation (SaO2) between 88-95% and partial pressure of carbon 

dioxide (PaCO2) between 45-55 mmHg. Intratracheal surfactant (240 mg; Curosurf®; Chiesi 

Pharmaceuticals, Parma, Italy) was administered within the first 10 min of ventilation to improve lung 

compliance. Sustained inflations at 35 cmH2O for 5 s duration were applied to recruit the lung if 

necessary. Once the lambs were stabilised (within 15 min of ventilation onset), the umbilical cord was 

clamped and the lambs were transferred to an MR-compatible ventilator (Pneupac® babyPAC™; 

Smiths Medical, UK) using the same ventilator settings on the Dräger ventilator as a reference. 

2.2.6. Lamb monitoring during magnetic resonance imaging 
Lambs were transferred supine to a 3T MRI system (Magnetom Skyra; Siemens, Erlangen, Germany). 

Lambs were kept warm with a hot water bottle and sedated (5-15 mg/kg Alfaxan in 5% glucose; Jurox, 

NSW, Australia) for the duration of imaging. The total acquisition time was approximately 40 min. 

Brain MRI included structural imaging sequences, diffusion tensor imaging (DTI), susceptibility-

weighted imaging, and single-voxel magnetic resonance spectroscopy (MRS). Results of the MRI have 

been reported111 and do not form part of this thesis (Appendix II). 

2.2.7. Blood samples 
Arterial blood (~0.3 ml) was collected via the carotid artery catheter and analysed to monitor the 

wellbeing of fetuses (ABL80 FLEX; Radiometer Medical ApS, Denmark). Blood gas sampling was 

conducted during fetal surgery, injurious ventilation, up to 24 h post-ventilation, and after delivery until 

the lamb was euthanised [Fig. 2.1]. Lambs in the UNOP group did not undergo fetal surgery and 

recovery; ‘24 h’ in Fig. 2.1 represents ‘PRE T=0’ in this group. Plasma collection (~3 ml of blood, 

centrifuged at 4oC, 3000 × g, 10 min to separate the plasma layer) was conducted before commencement 

of ventilation (PRE), at 15 min, 1 h, 3 h, 6 h, 12 h, and 24 h after ventilation, and at the end of MRI  

[Fig. 2.1]. 



Chapter Two: General Methodology 

35 

Figure 2.1. Experimental timeline for Chapters 3 and 4. Arterial blood was collected at specific time 

points during the experiment for blood gas measurement (open circle) and collection for cytokine 

analysis (filled circle). Term pregnancy in sheep is ~148 days of gestation.  

2.2.8. Physiological data collection and analysis 
Fetal heart rate, carotid blood flow, carotid arterial pressure, and ventilator outputs were recorded in 

real-time throughout the 15 min injurious ventilation period (Powerlab; ADInstruments, NSW, 

Australia).  Physiological data were extracted and analysed in 10 s epochs for every minute of recording 

(LabChart; ADInstruments, NSW, Australia). Maximum VT was divided by the body weight of 

individual lambs and expressed as VT/kg. Carotid blood flow was divided by the brain weight of 

individual lambs and expressed as ml/min/100g.  

The brain was collected for analysis as discussed below (see Section 2.4). 

2.3. Experimental design – 
Brain injury following 24 h in utero ventilation (Chapter 5) 

Date-mated pregnant Border-Leicester ewes were delivered from MARP Gippsland Field Station to 

MARP Clayton prior to transfer to the Monash Medical Centre (MMC) B-block animal facility to 

allow acclimatisation. A total of 19 pregnant ewes with singleton or twin fetuses were delivered to 

MMC B-block at least two days prior to experimental surgery. Ewes were housed in neighbouring pens 

under a 12 h light/dark cycle and their pens were cleaned daily. Ewes had constant access to drinking 

water, were fed chaff daily, and were fasted at least 16 h prior to surgery. The general wellbeing of ewes 

was monitored and noted daily; all ewes were deemed healthy for participation in the studies.  
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Fetal sheep were randomised to one of two groups: 

1) Sham control (CONT; n=10): Fetuses underwent fetal surgery, were instrumented, but did not 

receive ventilation.  

2) In utero ventilation (VENT; n=9): Fetuses received 24 h of gentle ventilation whilst in utero.  

The experimental protocol spanned four days. Fetal surgery was performed on the first day and the ewe 

was allowed to recover for at least 36 h. On day 3, ventilation was initiated in VENT fetuses for 24 h, 

during which the ewe was allowed to eat and movement was not restrained. Fetal wellbeing for both 

groups was monitored via arterial blood gases and physiological measurements. At the end of the 

ventilation period, ewes were euthanised (overdose of sodium pentobarbitone i.v.; Valabarb). The 

fetuses were immediately removed from the ewe for post-mortem tissue collection. Sodium 

pentobarbitone readily crosses the placenta to kill the fetus; additional sodium pentobarbitone was 

administered directly to the fetus otherwise. 

2.3.1. Fetal surgery 
Sterile fetal surgery was conducted at 110 ± 1 days gestation (mean ± SD; term ~148 days). The ewe 

was anaesthetised as above (Section 2.2.1). The fetal head and neck were exposed for catheterisation of 

the left carotid artery and jugular vein as described above (Section 2.2.1). An additional polyvinyl 

catheter (ID 2.6 mm, OD 4.2 mm) was secured to the exterior of the fetus to allow administration of 

antibiotics to the amniotic sac and to correct for fetal pressure for physiological recordings.  

A tracheostomy was performed on the fetus to secure a modified reinforced endotracheal tube (ID 4.0 

mm; Medtronic, MN, USA) in the lower trachea. This was then connected to a saline-filled large-bore 

ventilation tube (ID 6.4 mm, OD 12.7 mm) with a catheter (ID 3.2 mm, OD 6.4 mm) attached to the 

other end. A separate saline-filled catheter (ID 3.2 mm, OD 6.4 mm) was inserted into the upper 

trachea. The two catheters were exteriorised via the right flank of the ewe and then connected to create 

a tracheal loop to allow normal flow of lung liquid [Fig. 2.2].  

Fetal arterial and venous catheters were exteriorised via the ewe flank incision. The abdominal and flank 

incisions were sutured closed and the incision sites were irrigated with Marcaine (Astra Zeneca, NSW, 

Australia). 
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Figure 2.2. Set-up of tracheal loop. A modified reinforced endotracheal tube (a) was inserted in the 

lower trachea and connected to a saline-filled large-bore ventilation tube and catheter on the other end 

(a’). A separate saline-filled catheter (b) was inserted into the upper trachea. The catheters were 

exteriorised via a flank incision and connected to create a tracheal loop. Before ventilation commenced, 

the large ventilation tube (a’) was disconnected from the tracheal loop, lung liquid was passively drained, 

and the tube was connected to a neonatal ventilator. 

2.3.2. Maternal surgery  
During surgery, a small incision was made in the maternal neck for catheterisation of the right jugular 

vein. A polyvinyl catheter (ID 2.6 mm, OD 4.2 mm) was inserted towards the direction of the heart to 

allow post-surgery administration of maternal antibiotics. The incision site was sutured closed and 

irrigated with Marcaine (Astra Zeneca, NSW, Australia). 

2.3.3. Ewe recovery and post-surgical care 
Analgesia was provided to the ewe via a transdermal fentanyl patch (75µg/h; Janssen-Cilag, NSW, 

Australia) for post-surgery pain relief. The ewe was returned to a mobile pen and closely monitored for 

the first 4 h post-surgery. Ewes were fed chaff immediately after surgery and were provided water once 

they were alert and showed good neck tone. Wellbeing of the ewe was monitored daily.  
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On days 2 and 3 (i.e. post-surgery days 1 and 2), antibiotics were administered to the ewe (1 g 

Ampicillin and 5 ml Engemycin i.v.) and fetus (100 mg Ampicillin i.v.) via their respective jugular vein 

catheters. Ampicillin was also administered to the amniotic fluid (400 mg). An arterial blood sample 

was taken from the fetus on day 2 to check the wellbeing of the fetus. 

2.3.4. In utero ventilation 
At 112 ± 1 days gestation, 2 days post-surgery, the large ventilation tube [Fig. 2.2(a’)] was disconnected 

from the tracheal loop, lung liquid was passively drained, and the tube was connected to a neonatal 

ventilator (Babylog 8000+, Dräger, Lübeck, Germany). Ventilation was initiated in volume-guarantee 

mode set at 5 ml/kg, maximum PIP 45 cmH2O, PEEP 5 cmH2O, inspiratory flow of 10 l/min, rate of 

60 inflations/min, and FiO2 at 0.21. Ventilator parameters were adjusted when necessary during the 

ventilation period to achieve a target VT of 3-5 ml/kg but limited to a PIP of 45 cmH2O. Sustained 

inflations were applied to recruit the lung if necessary. Fetal wellbeing was monitored via physiological 

measurements and arterial blood gas results at regular intervals (see Section 2.3.5). 

2.3.5. Blood samples 
Arterial blood (~0.3 ml) was collected via the fetal carotid artery catheter and analysed (ABL90; 

Radiometer Medical ApS, Denmark) to monitor the wellbeing of fetuses. Arterial blood gas monitoring 

and plasma collection (~3 ml of blood, centrifuged at 4oC, 3000 × g, 10 min to separate the plasma layer) 

was conducted before commencement of IUV (PRE), and at 15 min, 1 h, 3 h, 6 h, 9 h, 12 h, and 24 h 

after IUV [Fig. 2.3]. Additional blood gas monitoring was performed at post-surgery day 1, 30 min 

and 45 min after IUV, and when deemed necessary to ensure fetal wellbeing [Fig. 2.3].  
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Figure 2.3. Experimental timeline for Chapter 5. Arterial blood was collected at specific time points 

during the experiment for blood gas measurement (open circle) and collection for cytokine analysis 

(filled circle). Term pregnancy in sheep is ~148 days of gestation.  

2.3.6. Physiological data collection and analysis 
Ventilator output, carotid arterial pressure, and amniotic fluid pressure were measured and recorded in 

real-time throughout the 24 h ventilation period (Powerlab; ADInstruments, NSW, Australia). 

The brain was collected for analysis as discussed below. 

2.4. Tissue collection and handling (all chapters) 
At post-mortem examination, lamb body weight and organ weights were recorded. The brain and lungs 

were collected for analysis.  

2.4.1. Cerebrospinal fluid collection 
Cerebrospinal fluid (CSF) was collected immediately following euthanasia, prior to brain collection, 

and was frozen in liquid nitrogen. The lamb’s neck was flexed at the atlanto-occipital joint such that its 

head was perpendicular to the cervical vertebral column. The head was palpated to identify anatomical 

landmarks, and a needle (21G; Sigma-Aldrich) was advanced slowly into the cisterna magna to obtain 

CSF. Samples containing blood were centrifuged (4oC, 3000 × g, 10 min) to separate CSF from blood 

cells before freezing. Xanthochromia in the supernatant CSF was noted. 

Post-mortem 
tissue 
collection

In utero ventilation
Post-surgery 
Recovery

Surgery

PRE 15m 30m 45m 1h 3h 6h 9h 12h 24h

Time relative to IUV 

Arterial blood gas measurement and plasma collection

Arterial blood gas measurement

110
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112
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Fetus ventilated with gentle 
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supported by the placenta
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2.4.2. Removal of brain from skull 
At post-mortem, a scalpel incision was made through the skin from the front of the skull to midway 

down the back of the lamb’s neck followed by a perpendicular incision between its ears. The skull and 

attached meninges were then carefully peeled back using rongeurs, starting from the nasion in a rostral 

to caudal manner. Once the brain and part of the spinal cord were exposed, the cervical spinal cord and 

cranial nerves on the ventral side of the brain were severed to allow the brain to be removed. The brain 

was weighed and immediately placed on ice, ventral side down.  

The cerebellar peduncles were severed to separate the cerebellum which was then dissected in half along 

the sagittal plane. The brainstem was dissected below the inferior colliculi and the cerebrum was halved 

along the medial longitudinal fissure. The right cerebellum, right forebrain, and entire brainstem were 

immersion fixed in 10% neutral buffered formalin (NBF; Amber Scientific, WA, Australia) overnight. 

The left cerebellum and left forebrain were placed on ice for dissection. For Chapter 5, the right 

brainstem was immersion fixed in 10% NBF and the left brainstem was placed on ice for dissection.  

2.4.3. Right hemisphere collection 
The right hemisphere of the lamb’s brain was immersion fixed in 10% NBF and kept at 4°C overnight. 

The right forebrain was then cut coronally into 5 mm blocks (8-9 blocks per animal) and placed into 

mega cassettes. The brainstem and right cerebellum were each placed in a mega cassette. All mega 

cassettes were placed in fresh 10% NBF for 6 days, after which the brain tissue was processed and 

paraffin-embedded.  

2.4.4. Left hemisphere collection 
The left hemisphere of the lamb’s brain was cut coronally into blocks (8-9 blocks per animal) starting 

from the ansate sulcus and fanned out [Fig. 2.4]. Regions of the corpus callosum, hippocampus, 

periventricular white matter (PVWM), subcortical white matter (SCWM), and grey matter (GM) were 

cut out from the sections, snap frozen in liquid nitrogen, and transferred to cryovials. The remaining 

tissue was cut up and collected as a representation of ‘Frontal’ (until section before lateral ventricle), 

‘Parietal’, and ‘Occipital’ (from section after hippocampus) lobes. The choroid plexus, cerebellar white 

matter, and cerebellar GM were also snap frozen. 

The brain was kept chilled during this process to minimise tissue degradation. All cryovials containing 

the frozen tissue were subsequently stored at -80oC. 
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Figure 2.4. Dissection of the left hemisphere of the preterm lamb brain for molecular analysis. The 

left hemisphere was cut coronally and fanned out on ice, rostral side down. The periventricular white 

matter (PVWM; blue boxes) and subcortical white matter (SCWM; orange boxes) regions were 

dissected and snap frozen for molecular analysis in Chapters 3 and 4.  

2.5. Molecular analyses 

2.5.1. Enzyme-linked immunosorbent assay 
Plasma protein levels of interleukin(IL)-6 and IL-8 were determined by ovine-specific enzyme-linked 

immunosorbent assay (ELISA).  Antibodies and standards used are detailed in Table 2.1. Briefly, 96-

well flat-bottom plates (Nunc MaxiSorp; Invitrogen, Thermo Fisher Scientific, USA) were incubated 

with respective coating antibodies (diluted in carbonate buffer pH 9.6) at 4oC overnight. Wells were 

washed and blocked (Dulbecco’s PBS; Gibco, 1% BSA) for 1 h at room temperature. To generate a 

standard curve, recombinant ovine (rov) IL-6 and IL-8 proteins were serially diluted 1:2 in diluting 

buffer (PBS, 0.1% BSA, 0.05% Tween 20) down the first 2 columns of the ELISA plate. Standards 

were included and a 4-parameter standard curve was generated for every ELISA plate used (R2>0.99 

for all). Experimental plasma samples (diluted 1:1 in diluting buffer) were added into duplicate wells. 

The plates were incubated for 1 h at room temperature. After washing, appropriate cytokine-specific 

detecting antibodies were added, and plates were incubated for 1 h at room temperature. After further 

washing, horseradish peroxidase (HRP) conjugated swine anti-rabbit immunoglobulin was added, and 

plates were incubated for 1 h at room temperature. Plates were then washed and incubated with 
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tetramethylbenzidine (TMB) chromogen solution (Invitrogen, USA) in the dark for 15-20 min at room 

temperature. Reactions were stopped with the addition of 0.5M sulfuric acid (H2SO4). Plates were read 

on a plate reader (SpectraMax i3; Molecular Devices, CA, USA) at 450 nm to determine optical density.  

Cytokine levels were measured for all time points and reported normalised to baseline values.  

Table 2.1. Details of reagents used in enzyme-linked immunosorbent assays (ELISAs) for detection 

of pro-inflammatory cytokines. 

Target  Reagent details Clone/type Dilution Source 

IL-6 rov IL-6 (cytokine standard) N/A N/A Kingfishera RP0367V-005 

Mouse anti-ovine IL-6 mAB 
(coating) 

4B6, 
isotype IgG1 

1:200 Bio-Radb MCA1659 

Rabbit anti-ovine IL-6 pAb 
(detecting) 

N/A 1:500 Bio-Radb AHP424 

Swine anti-rabbit Ig/HRP pAb N/A 1:2000 DAKOc P0217 

IL-8  rov IL-8 (cytokine standard) N/A N/A Kingfishera RP0488V-005 

Mouse anti-ovine IL-8 mAB 
(coating) 

8M6, 
isotype IgG2a 

1:1000 Bio-Radb MCA1660 

Rabbit anti-ovine IL-8 pAb 
(detecting) 

N/A 1:4000 Bio-Radb AHP425 

Swine anti-rabbit Ig/HRP pAb N/A 1:2000 DAKOc P0217 

HRP horse radish peroxidase, Ig immunoglobulin, IL interleukin, rov Recombinant ovine, mAb Monoclonal 
antibody, pAb Polyclonal antibody 
a Kingfisher: Kingfisher Biotech, Inc., MN, USA 
b Bio-Rad: Bio-Rad Laboratories, Inc., CA, USA 
c Dako: Agilent Technologies, Inc., CA, USA 
 

 

2.5.2. RT-qPCR by Fluidigm 
2.5.2.1. RNA preparation 
Ribonucleic acid (RNA) was extracted from brain tissue so that reverse transcription real-time 

quantitative polymerase chain reaction (RT-qPCR) could be performed to quantify the expression of 

genes of interest.  

Total RNA was extracted from the PVWM and SCWM using the RNeasy Midi RNA Extraction Kit 

(Qiagen, VIC, Australia) as per manufacturer’s instructions. Briefly, 100-150 g of frozen tissue was 

homogenised in Buffer RLT (with 1% β-Mercaptoethanol) using a rotor-stator homogenizer (Ultra-

Turraz T-25; Janke & Kunkel, IKA-Laboritechnik, Germany). The supernatant was transferred to a 
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new tube, an equivalent volume of 70% ethanol was added, and the solution was vigorously shaken to 

resuspend any precipitates. Immediately after, the sample was applied to an RNeasy midi column, 

centrifuged for 5 min at 4800 × g, and flow-through was discarded. This process was repeated until all 

supernatant had passed through the column.  

Deoxyribonucleic acid (DNA) digestion was performed using the RNase-free DNase Set.  Buffer RW1 

was added into the RNeasy column and centrifuged for 5 min at 4800 × g. Each membrane was treated 

with 20 µl Dnase 1 stock solution in 140 µl Buffer RDD to remove any DNA contamination. The 

column was left to incubate at room temperature for 15 min, then 2 ml of Buffer RW1 was added to 

each column and left to stand at room temperature for a further 5 min. The column was centrifuged for 

5 min at 4800 × g and flow-through was discarded. Buffer RPE (diluted with 4 volumes of ethanol) was 

added to the column to remove traces of salts from previous buffers. The column was centrifuged for 2 

min at 4800 × g and flow-through was discarded. Another 2.5 ml of Buffer RPE was added to the 

column and centrifuged for 5 min at 4800 × g to dry the RNeasy silica-gel membrane. This ensured no 

residual ethanol that may interfere with downstream reactions was present.  

The RNeasy column was transferred to a new 15 ml collection tube for elution. 120 µl of RNase-free 

water was pipetted directly onto the membrane. The column was left to stand for 1 min and then 

centrifuged for 3 min. The second elution step was performed using the first eluate to obtain a higher 

final RNA concentration.  

Gel electrophoresis was used to validate the quality of extracted RNA and check for DNA 

contamination. A spectrophotometer (Nanodrop, ThermoScientific, USA) was used to measure RNA 

purity and concentration. RNA was stored at -80oC until further use. 

2.5.2.2. cDNA preparation  
RNA was reverse-transcribed into complementary DNA (cDNA) as per protocols of the SuperScript® 

III First-Strand Synthesis System for RT-PCR kit (Invitrogen, CA, USA). Briefly, RNA was diluted 

with sterile RNase-free water in a nuclease-free microcentrifuge tube to achieve a target concentration 

of 50 ng/µl and 1 µl of random hexamers and 1 µl of 10mM deoxyribonucleotides (dNTP) mix were 

added. The solution was heated at 65oC for 5 min to denature the RNA, then incubated on ice for at 

least 1 min. Reagents 4 µl 5X First-Strand Buffer, 1 µl 0.1M dithiothreitol (DTT), and 1 µl 

RNaseOUT™ Recombinant RNase Inhibitor were added to the tube and 1 µl SuperScript™ III 

Reverse Transcriptase was added directly to each solution and mixed by gently pipetting up and down. 

The samples were incubated at room temperature for 5 min, 50oC for 60 min, and finally at 70oC for 

15 min to inactivate the reaction. The cDNA was stored at -20oC until further use.  



Chapter Two: General Methodology 

44 
 

2.5.2.3. Quantitative real-time polymerase chain reaction (qPCR) by Fluidigm 

(Chapters 3 & 4) 
Samples of cDNA were provided to the Monash Health Translation Precinct (MHTP) Medical 

Genomics Facility for high throughput PCR using the microfluidic technology Fluidigm Access Array 

System (Fluidigm Corporation, CA, USA) with TaqMan probes and primers (Thermo Fisher 

Scientific, MA, USA). A minus-reverse transcriptase control (-RT; no Superscript III added during 

cDNA preparation) was provided for every batch of cDNA made.  

Briefly, all samples were checked for quality by qPCR (ABI 7900 HT; Thermo fisher Scientific, MA, 

USA) using predesigned primers in combination with Sybr chemistry. The level of fluorescence was 

detected and plotted against the number of cycles to produce an amplification curve for each sample. A 

fluorescence threshold was set and the number of cycles required for each sample to reach the threshold 

was determined (cycle threshold; CT). A -RT control sample with a CT value difference of <10 cycles 

with the cDNA samples indicated potential genomic DNA contamination.  

Samples were processed on the Fluidigm BioMark™ HD system in which they were loaded on a 48.48 

(Chapter 3) or 192.24 (Chapter 4) Dynamic Array integrated fluidic circuit for amplification to 

determine the relative gene expression levels of pro-inflammatory cytokines, tight junction proteins, 

markers of cell death, factors of angiogenesis, and markers of neuronal and glial activity, specifically: 

IL1B, IL6, IL8, IL10, TNF, CCL2, TGFB1, OCLN, CLDN1, P53, CASP3, VEGFA, VEGFR1, NOX2, 

HIF1A, and ANGPT1 [Table 2.2]. RPS18, which encodes ribosomal protein S18 of the 40S ribosomal 

subunit, was used as a reference gene as it is expressed constitutively and stably at various developmental 

stages of the ovine brain.190 

The integrated fluidic circuit was then placed in the Biomark™ HD system for thermal cycling. 

Fluorescence was detected in real-time and the final output file consisted of amplification curves, CT 

data, and a colour-coded heat map. Gene expression levels were quantified using the ΔΔCT method.191 

The expression of all genes was normalised to RPS18 for each sample, then expressed relative to the 

control group.  
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Table 2.2. Details of genes investigated using RT-qPCR by Fluidigm. Gene names and symbols have been validated on the National Center for 

Biotechnology Information (NCBI) Gene database. The TaqMan assay ID for each probe is provided; target-specific sequences of TaqMan assays are not 

available due to non-disclosure policies. 

  

Reason for assessment Gene name Gene symbol TaqMan Assay ID Used in 

Reference gene Ribosomal protein S18 RPS18 Oa04906333_g1 Chapters 3 and 4 

Cytokines 

Interleukin 1 beta IL1B Oa04656322_m1 

Chapters 3 and 4 
Interleukin 6 IL6 Oa04656315_m1 

Interleukin 8 IL8 Bt03211906_m1 

Tumour necrosis factor TNF Oa04655425_g1 

Interleukin 10 IL10 Oa03212724_m1 

Chapter 4 only C-C motif chemokine ligand 2 CCL2 Oa04677078_m1 

Transforming growth factor beta 1 TGFB1 Oa04259484_m1 

Tight junction proteins 
Occludin OCLN Oa04728970_m1 

Chapters 3 and 4 
Claudin 1 CLDN1 Oa03217991_m1 

Markers of cell death 
Tumor protein p53 P53 Oa03223218_g1 

Chapters 3 and 4 
Caspase 3 CASP3 Oa04817361_m1 

Mediators of angiogenesis 

Vascular endothelial growth factor A VEGFA Oa04653812_m1 

Chapter 4 only 

Vascular endothelial growth factor receptor 1 
alias fms related receptor tyrosine kinase 1 

VEGFR1 
alias FLT1 

Oa04694159_m1 

NADPH oxidase 2 
alias cytochrome b-245 beta chain 

NOX2 
alias CYBB 

Oa04793417_m1 

Hypoxia inducible factor 1 subunit alpha HIF1A Oa04877334_m1 

Angiopoietin 1 ANGPT1 Oa04757067_m1 



Chapter Two: General Methodology 

46 
 

2.6. Histological and immunohistochemical analyses 

2.6.1. Tissue fixation, processing, embedding, and sectioning 
Tissue was processed and embedded by Monash Histology Platform - Monash Health Translational 

Precinct (MHP-MHTP) Histology Node.  

Briefly, tissue was dehydrated in a series of increasing concentrations of ethanol, transferred to xylene 

to displace the ethanol, and then infiltrated with paraffin wax (Histokinette, Hendrey Relays and 

Electrical Equipment Ltd, UK). Processed tissue was mounted in paraffin wax for sectioning. Tissue 

sections were cut using a rotary microtome (Reichert-Jung Biocut 2030, Leica, Germany) to include 

PVWM and SCWM for immunohistochemical analyses. Four blocks from each animal were sectioned 

to represent the frontal, parietal, temporal, and occipital lobes. Sections were cut at 8 µm thickness, 

placed in a 40oC waterbath, mounted onto slides (Superfrost plus, Thermo Scientific, Germany), and 

left to dry in a 37oC oven overnight. 

2.6.2. Histological staining 
Haematoxylin and eosin (H&E) staining was carried out to visualise gross structures of the brain and 

neuropathology. Slides were baked at 60°C for 30 min to adhere sections to slides, then immersed in 

xylene (2 × 5 min) to remove paraffin wax. Sections were rehydrated in a graded series of ethanol (100%, 

100%, 70%) and PBS. Sections were stained with regressive Harris haematoxylin (Amber Scientific, 

WA, Australia), washed under running tapwater to stop the action of haematoxylin, differentiated in 

acid ethanol, washed under running tapwater, dipped into Scott’s tapwater (1 min) to produce a more 

pronounced blue stain, counterstained with Eosin (Eosin 1% aqueous solution; Amber Scientific), and 

washed in water to remove excess reagents. Sections were dehydrated in ethanol of increasing 

concentrations (70%, 100%, 100%) and xylene. Coverslips were adhered to each slide with DPX 

mountant (Merck, Darmstadt, Germany) for microscopy.  

2.6.3. Immunohistochemistry staining 
Slides were baked at 60°C for 30 min to adhere sections to slides, then immersed in xylene (2 × 5 min) 

to remove paraffin wax. Sections were rehydrated in a graded series of ethanol (100%, 100%, 70%) and 

PBS.  

Sections were stained with the following primary antibodies: rabbit anti-ionised calcium-binding 

adapter molecule 1 (Iba-1; 1:1500, WAKO Pure Chemical Industries, Osaka, Japan) to identify 

microglia, rabbit anti-sheep serum (1:1000, Sigma-Aldrich) to identify vascular leakage, mouse anti-

oligodendrocyte transcription factor 2 (Olig2; 1:1000, Merck) to identify cells in the oligodendrocyte 
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lineage, rat anti-myelin basic protein (MBP; 1:200, Merck) to quantify myelin density, and mouse anti-

glial fibrillary acidic protein (GFAP; 1:400, Sigma-Aldrich) to identify astrocytes. Sections were reacted 

in two batches according to lobes (frontal and parietal, and temporal and occipital) with positive control 

slides included to allow comparisons of variability. Staining was absent when the primary antibody was 

omitted. The reagents used are summarised in Table 2.3.  

Prior to incubation with anti-Iba-1, sections were pre-treated with citric acid buffer (pH 6.0) in a 

microwave oven at high power for 9 min and power was gradually reduced for the next 7 min to maintain 

a simmer. Sections were then incubated at room temperature with 0.3% hydrogen peroxide (H2O2) in 

PBS for 20 min to block endogenous peroxidase activity followed by 4% bovine serum album (BSA) in 

PBS for 30 min to prevent non-specific binding.  

Prior to incubation with anti-sheep serum, sections were incubated at room temperature with 3% H2O2 

in PBS for 20 min to block endogenous peroxidase activity followed by 2% fish gelatin in casein-

blocking buffer (CAS-block; Invitrogen, CA, USA) for 90 min to prevent non-specific binding.  

Prior to incubation with anti-Olig2, sections were pre-treated with citric acid buffer (pH 6.0) in a 

microwave oven at high power (3 × 5 min) to reach boiling temperature. Sections were then incubated 

at room temperature with 3% H2O2 in PBS for 10 min to block endogenous peroxidase activity followed 

by 5% normal goat serum (NGS) and 1% BSA in PBS with 0.3% Triton-X100 for 60 min to prevent 

non-specific binding.   

Prior to incubation with anti-MBP, sections were pre-treated with citric acid buffer (pH 6.0) in a 

microwave oven at high power for 9 min and power was gradually reduced for the next 7 min to maintain 

a simmer. Sections were then incubated at room temperature with 1% H2O2 in methanol for 30 min to 

block endogenous peroxidase activity followed by 3% NGS in PBS for 1 h to prevent non-specific 

binding. 

Prior to incubation with anti-GFAP, sections were pre-treated with citric acid buffer (pH 6.0) in a 

microwave oven at high power (3 × 3 min) to reach boiling temperature. Sections were then incubated 

at room temperature with 0.3% H2O2 in 50% methanol for 20 min to block endogenous peroxidase 

activity followed by 5% NGS in PBS for 30 min to prevent non-specific binding.  

Sections were incubated with primary antibody overnight at 4°C. Secondary antibody biotinylated goat 

anti-rabbit immunoglobulin G (IgG; 1:200, Vector Laboratories, CA, USA), goat anti-mouse IgG 

(1:200, Vector Laboratories, CA, USA), or goat anti-rat IgG (1:200, Vector Laboratories, CA, USA) 

were used accordingly and reacted using the Vectastain Elite ABC Kit (avidin-biotin complex; Vector 

Laboratories, USA). Sections were incubated with diaminobenzidine (DAB) chromogen with H2O2 
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which caused a colour reaction allowing antigens in the tissue to be visualised. Where required, sections 

reacted with anti-sheep serum and anti-Olig2 were counterstained with 20% haematoxylin (Amber 

Scientific) to visualise unreacted background for general orientation.  

All sections were dehydrated in ethanol of increasing concentrations (70%, 100%, 100%) and xylene. 

Coverslips were adhered to each slide with DPX mountant (Merck) for microscopy.   
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 Table 2.3. Details of reagents used in immunohistochemical analyses.  

Labeling for 
Antigen 
retrieval 

Block 
1o Antibody 2o Antibody 

Antibody Dilution Source Antibody Dilution Source 

Microglia 
0.01M Citric 

acid buffer 
1) 0.3% H2O2 in PBS 
2) 4% BSA in PBS 

Rabbit 
α-Iba-1 

1:1500 
WAKOa   

019-19741 
Goat 

anti-rabbit IgG 
1:200 

Vectord 
BA-1000 

Vascular leakage N/A 
1) 3% H2O2 in PBS 
2) 2% fish gelatin in CAS-
block 

Rabbit 
α-sheep serum 

1:1000 
Sigma-Aldrichb 

S4265 
Goat 

anti-rabbit IgG 
1:200 

Vectord 
BA-1000 

Oligodendrocytes 
0.01M Citric 

acid buffer 

1) 3% H2O2 in PBS 
2) 5% NGS and 1% BSA in 
0.3% TX-PBS 

Mouse 
α-Olig2 

1:1000 
Merckc 

MABN50 
Goat 

anti-mouse IgG 
1:200 

Vectord 

BA-9200 

Myelinating 
oligodendrocytes 

0.01M Citric 
acid buffer 

1) 1% H2O2 in 100% methanol 
2) 3% NGS in PBS 

Rat 
α-MBP 

1:200 
Merckc 

MAB395-1ML 
Goat 

anti-rat IgG 
1:200 

Vectord 

BA-9400 

Astrocytes 
0.01M Citric 

acid buffer 
1) 0.3% H2O2 in 50% methanol 
2) 5% NGS in PBS 

Mouse 
α-GFAP 

1:400 
Sigma-Aldrichb 

G3893 
Goat 

anti-mouse IgG 
1:200 

Vectord 

BA-9200 

BSA bovine serum albumin; CAS-block casein blocking buffer; GFAP glial fibrillary acidic protein;  H2O2 hydrogen peroxide; Iba-1 ionised calcium-binding adapter 
molecule 1; IgG immunoglobulin G; MBP myelin basic protein; N/A not applicable; Olig2 oligodendrocyte transcription factor 2; PBS phosphate-buffered saline; TX 
triton X-100;  
a Wako: Wako Pure Chemical Industries, Osaka, Japan 
b Sigma-Aldrich: Sigma-Aldrich, MA, USA 
c Merck:  Merck, Darmstadt, Germany 
d Vector: Vector Laboratories, CA, USA 
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2.6.4. Regions of interest  
The PVWM and SCWM regions from four blocks of the right hemisphere of each animal were 

analysed. The selection of blocks encompasses the frontal, parietal, temporal, and occipital lobes to be 

representative of the whole brain. Anatomical landmarks were identified using brain atlases, primarily 

The Sheep Brain Atlas at Michigan State University.192 For this thesis, regions of interest were sampled 

as follows [Fig. 2.5]:  

The frontal block was the first block rostral to the ansate sulcus, at the level of the anterior horn of the 

lateral ventricle, corresponding to sections 520-560 in The Sheep Brain Atlas at Michigan State 

University.192 The frontal PVWM was bounded by the apex of the lateral ventricle and the depth of the 

diagonal, ectomarginal, and cingulate sulci.193 This region comprises both the medial and lateral 

PVWM and excludes the subventricular zone.193  

The parietal block was 1-2 blocks caudal to the ansate sulcus, at the level of the body of the lateral 

ventricle and somatosensory cortices, corresponding to sections 840-880 in The Sheep Brain Atlas at 

Michigan State University.192 The parietal PVWM was bounded by the apex of the lateral ventricle and 

the depth of the diagonal, ectomarginal, and cingulate sulci.193 This region comprises both the medial 

and lateral PVWM and excludes the subventricular zone.193 

The temporal lobe of sheep is relatively small and not easily differentiated from the frontal and parietal 

lobes due to the absence of a defined sylvian fissure. Blocks at the level of the hippocampal formation 

that include the temporal lobe, corresponding to blocks 1080-1200 in The Sheep Brain Atlas at 

Michigan State University,192 were considered representative of that section of the brain and are referred 

to as the ‘temporal’ region in this thesis. The temporal PVWM was bounded by the lateral aspect of the 

lateral ventricle to the temporal horn.  

The occipital block was 1-2 blocks at the caudal end of the left hemisphere, beyond the posterior horn 

of the lateral ventricle. This block was analysed for SCWM only.  
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Figure 2.5. Regions in the right hemisphere of the preterm lamb brain for immunohistochemical 

analysis. Illustration of the total white matter area for immunohistochemical analysis (green), and the 

boundaries of the PVWM region (dark green) and SCWM region (light green) in the frontal, parietal, 

temporal, and occipital lobes of the preterm lamb brain. Scale bar = 5mm. 
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2.6.5. Quantitative analyses 
2.6.5.1. Haematoxylin and Eosin 
Sections were viewed under the microscope (BX-41 Laboratory Microscope, Olympus Corporation, 

Tokyo, Japan) and scored according to the presence of cystic lesions/parenchymal damage, 

compromised vessel integrity, hypercellularity in the PVWM and SCWM, and disrupted 

cytoarchitecture in the cortex. Each category was scored on a scale of 0-2 based on severity and a mean 

of all categories was calculated as a final score for each section. A mean of all lobes was calculated for 

each animal and then collectively averaged for each experimental group.  

Figure 2.6. Scoring rubric of haemotoxylin and eosin staining. Brain sections were scored for severity 

of the presence of cystic lesions/parenchymal damage, compromised vessel integrity, hypercellularity in 

the PVWM and SCWM, and disrupted cytoarchitecture in the cortex.  
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2.6.5.2. Ionised calcium-binding adapter molecule-1 (Iba-1)  
Iba-1 is expressed in macrophages of monocytic lineage.194 Among cell types in the central nervous 

system, Iba-1 is expressed by microglia and its expression is upregulated in reactive microglia.194 Slides 

were scanned by Monash Histology using an eSlide capturing device (Aperio Scanscope AT Turbo; 

Aperio Technologies, CA, USA). The area of Iba-1 positive microglial aggregations within the PVWM 

and SCWM of each section was assessed using ImageScope (Aperio Technologies). For each section, 

aggregation areas were summed and divided by the total area of PVWM or SCMW of the section, data 

expressed as a percentage (%). The fraction areal coverage of Iba-1 immunoreactivity within an 

aggregation was assessed using a set intensity threshold with Fiji is Just ImageJ (FIJI; ImageJ, NIH 

Image, MD, USA).  

Areal density (cells/mm2) of Iba-1 positive microglia was quantified in three non-overlapping FOV in 

the PVWM and six non-overlapping FOV from two separate gyri in the SCWM, avoiding microglial 

aggregations, using ImageScope (Aperio Technologies); n=9 FOV per section, FOV=0.14 mm2. 

Microglia were distinguished based on morphology (ramified microglia were characterised by long 

cellular processes while amoeboid microglia by round, densely stained soma with resorbed processes).195 

The ratio of amoeboid-to-total microglia was determined and expressed as a percentage (%).  

Figure 2.7. Representative images of Iba-1 immunoreactivity. (A) The area of Iba-1 positive 

microglial aggregations was assessed within the white matter. Iba-1 positive microglial aggregations 

were traced on brain sections. The number of Iba-1 positive microglial aggregations (purple outline) 

were quantified. The percentage area within the PVWM (dark green outline) and SCWM (light green 

outline) occupied by the microglia were quantified. Scale bar = 4mm. (B) Microglia density within each 

aggregation was quantified as a fraction areal coverage (%) using a set intensity threshold. (C) The 

number of ramified microglia (black arrow) and amoeboid microglia (red arrowhead) were quantified 

in white matter regions away from the microglia aggregations. Scale bar = 50µm.  
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2.6.5.3. Sheep serum 
The anti-sheep serum antibody detects proteins within serum, the most abundant being albumin, which 

cannot readily cross the blood-brain barrier (BBB) due to their large size. Thus, the presence of such 

proteins outside the vasculature may indicate a disruption of the endothelial cell membrane and 

compromised BBB integrity.196 Slides were viewed under the microscope (BX-41 Laboratory 

Microscope, Olympus Corporation). The entire WM area was scanned under the microscope and blood 

vessel profiles with protein extravasation were quantified and expressed as total number of vessel profiles 

with protein extravasation within the PVWM and SCWM.  

Figure 2.8. Representative images of sheep serum immunoreactivity. (A-D) The number of vessel 

profiles with protein extravasation and disrupted epithelium (red arrows) were quantified. Black arrows 

indicate intact vessel profiles. Sections were counterstained with haematoxylin for general tissue 

orientation. Scale bar = 50µm. 
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2.6.5.4. Oligodendrocyte transcription factor (Olig2) 
Olig2 is a pan-oligodendrocyte marker that identifies all cells present in the oligodendrocyte 

lineage.43,197 Slides were viewed and imaged under the microscope with a mounted camera (BX-41 

Laboratory Microscope, Olympus Corporation). Areal density (cells/mm2) of Olig2-positive cells was 

quantified in three non-overlapping FOV in the PVWM and six non-overlapping fields from two 

separate gyri in the SCWM using FIJI (ImageJ); n=9 FOV per section, FOV=0.14mm2. 

Figure 2.9. Representative images of Olig2 immunoreactivity. The areal density of Olig2-positive 

cells (arrows) was quantified in (A) sections without counterstain, as used in Chapters 3 and 4 and (B) 

sections counterstained with haematoxylin (purple cells in the background) for general tissue orientation, 

as used in Chapter 5. Scale bar = 50µm. 
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2.6.5.5. Myelin basic protein (MBP) 
MBP, a membrane-associated protein that constitutes myelin, was used as a marker for myelinating 

oligodendrocytes.43,198 Slides were viewed and imaged under the microscope with a mounted camera 

(BX-41 Laboratory Microscope, Olympus Corporation). Images were taken from three non-

overlapping FOV in the PVWM and six non-overlapping fields from two separate gyri in the SCWM, 

from the frontal lobe section only; n=9 FOV per section, FOV=0.14mm2. The areal coverage of MBP 

immunoreactivity within these FOV was assessed using a set intensity threshold with FIJI (ImageJ). 

Figure 2.10. Representative images of MBP immunoreactivity. The area occupied by myelinated 

fibers (arrows) was quantified using a set intensity threshold. Scale bar = 50µm. 
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2.6.5.6. Glial fibrillary acid protein (GFAP) 
GFAP is a marker of astrocytes, expressed predominantly in the main astrocytic processes.39 GFAP 

expression is upregulated in reactive astrogliosis.39 Slides were scanned by Monash Histology using an 

eSlide capturing device (Aperio Scanscope AT Turbo; Aperio Technologies). Images of three non-

overlapping FOV in the PVWM and six non-overlapping FOV from two separate gyri in the SCWM 

were taken (Aperio Imagescope) for quantification of the area coverage of GFAP-positive astrocytes, 

data expressed as a percentage (FIJI; ImageJ); n=9 FOV per section, FOV=0.14mm2.  
 

Figure 2.11. Representative image of GFAP immunoreactivity. The area occupied by astrocyte cell 

bodies and processes was quantified using a set intensity threshold. Scale bar = 50µm. 

2.7. Statistical analyses 
Fetal characteristics data were analysed using a one-way analysis of variance (ANOVA; Chapters 3 and 

4; Graphpad Prism 8.1.2; GraphPad Software, CA, USA) or independent T-test (Chapter 5; Graphpad 

Prism 8.1.2). Data are presented as mean ± standard deviation (SD). 

Serial physiological and molecular (ELISA) data were analysed using a two-way repeated measures 

ANOVA with post hoc Holm-Sidak test to compare indices between groups and over time (Sigmaplot; 

Systat Software Inc., CA, USA).  

The statistical tests used for molecular (qPCR) and immunohistochemical data varied between chapters. 

All data were assessed with the Shapiro-Wilk Test for normality, then compared using either a one-

way ANOVA with post hoc Holm-Sidak test (≥3 groups, parametric), Kruskal-Wallis Test with post hoc 

Dunn’s Test (≥3 groups, non-parametric), independent T-Test (2 groups, parametric), or Mann-

Whitney U Test (2 groups, non-parametric) (Graphpad Prism 8.1.2).  

Statistical significance was accepted at p<0.05. Data are presented as mean ± standard error of the mean 

(SEM) unless otherwise stated.   
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Chapter Three: Isolating Pathways of Acute VIBI 

In this study, I sought to examine the pathways of brain injury following acute injurious ventilation in 

preterm lambs. I utilised the head-out ventilation model described in Chapter 2 (Section 2.2). Briefly, 

the fetus is partially exteriorised, injuriously ventilated, returned to the uterus, and brain injury is 

examined 24 h later. Returning the fetus to the uterus, where it is supported by placental circulation, 

removes the need for subsequent ventilation to sustain the animal, as in postnatal studies. This allows 

the injury and mechanisms from the initial injurious ventilation period to be studied in isolation, 

without the influence of prolonged ventilation.  

The findings in this chapter are incremental to results from the imaging aspect of this study, which have 

been published and are provided in Appendix II.  

3.1. Introduction 
Preterm infants (<37 completed weeks gestation) are at high risk of brain injury during or soon after 

birth, leading to life-long morbidities including the motor deficit cerebral palsy (CP).199 There is an 

urgent need to investigate and address the causes of brain injury to improve neurodevelopmental 

outcomes of preterm infants. The initiation of positive pressure ventilation (PPV) in the delivery room  

is often poorly controlled87 and has been associated with haemorrhagic and diffuse white matter 

injury97,98 collectively termed ventilation-induced brain injury (VIBI). The major pathways of acute 

VIBI have been identified as cerebral inflammation and haemodynamic instability,96 consistent with the 

main causes of preterm brain injury.200  

The inflammatory pathway of VIBI is postulated to be a downstream consequence of ventilation-

induced lung injury.96 In the delivery room, inadvertent excessive tidal volume (VT; volutrauma) applied 

during PPV initiates a profound pulmonary inflammatory response. This triggers systemic and 

subsequently cerebral inflammation, characterised by upregulation of pro-inflammatory cytokines 

messenger ribonucleic acid (mRNA) levels (e.g. interleukin 6 [IL6] and interleukin 8 [IL8]) and 

activation of glial cells, predominantly within the white matter of the preterm brain.96,110,133,135 An altered 

microenvironment and the activation of microglia and astrocytes contribute to the loss of cells in the 

oligodendrocyte lineage and failure to mature towards myelinating cells, which in turn contributes to 

hypomyelination and diffuse white matter injury that can underlie long-term neurological sequelae such 

as CP.9,201  
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The haemodynamic pathway of VIBI refers to irregular variations in pulmonary blood flow and, as a 

result, instability of left ventricular output and subsequently cerebral blood flow (CBF).80,110 During 

PPV, pressure applied into the airways compresses alveolar capillaries, altering pulmonary blood flow, 

pulmonary venous return and hence cardiac output.110 While arterial blood pressure variability within a 

physiological range is usually compensated by pressure flow cerebral autoregulation to sustain a stable 

CBF, this is not always the case in preterm infants.9,55,116 The autoregulatory plateau of preterm infants 

is suggested to be narrower and longer, in part due to underdeveloped cerebral vasculature.55,116 CBF 

fluctuations for a period longer than 10 to 20 s constitutes cerebral haemodynamic instability.113 

Cerebral haemodynamic instability increases the risk of haemorrhagic injury such as intraventricular 

haemorrhage which, even at lower grades and in the absence of detectable white matter injury, has been 

associated with poor neurodevelopmental outcomes in preterm infants.9,14  

Despite having identified the two major pathways of VIBI, little is known about the relative 

contributions of each pathway and this has hindered development of targeted therapies. Our group has 

recently reported, based on diffusion tensor imaging (DTI) analysis, that the haemodynamic pathway 

has an additive effect on the inflammatory pathway on injury progression.111 In the current study, I 

aimed to examine molecular and immunohistochemical indices of inflammation and injury in cerebral 

white matter. I hypothesised that white matter injury in preterm lambs exposed to both inflammatory 

and haemodynamic instability pathways of injury would be worse than that of lambs exposed to the 

inflammatory pathway alone. Furthermore, previous studies have evaluated acute VIBI only to 2 h after 

the initiation of injurious ventilation.96,110,133,135 In this study, I also aimed to evaluate if these initial 

changes in neuroinflammatory cell populations persist or progress to 24 h. 

3.2. Methods 
The detailed experimental methodology used in this study is provided in Chapter 2. Below is a concise 

overview. Experimental procedures were approved by the Monash Medical Centre Animal Ethics 

Committee A, Monash University, and were conducted in accordance with guidelines established by 

the National Health and Medical Research Council of Australia.  

Animals were randomised to one of four groups: 

1) Unoperated control (UNOP; n=7): Lambs did not undergo fetal surgery or ventilation and were 

used to control for the surgical intervention.  

2) Sham surgery control (SHAM; n=5): Lambs underwent fetal surgery, were instrumented and 

intubated, but did not receive mechanical ventilation to control for the experimental 

intervention.  
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3) Injurious ventilation (INJINF; n=7): Lambs received 15 min of high VT ventilation, with intact 

placental circulation, to initiate predominantly the inflammatory pathway of VIBI. 

4) Injurious ventilation with umbilical cord occluded (INJINF+HAE; n=7): Lambs received 15 min 

of high VT ventilation during which the umbilical cord was occluded. The removal of the 

placental circulation simulates umbilical cord clamping, critical for initiating the 

haemodynamic pathway of VIBI in addition to the inflammatory pathway. 

3.2.1. Instrumentation and injurious ventilation strategy 
Anaesthesia was induced in pregnant ewes at 125 ± 1 days gestation (mean ± SD; term ~148 days) by 

intravenous injection of thiopentone sodium (20 mg/kg; Jurox, NSW, Australia). Ewes were then 

intubated with an endotracheal tube (ID 8.0 mm; Smiths Medical, MN, USA) and maintained on an 

inhalational anaesthetic (isoflurane 1.5-2.5% in oxygenated air; Bomac Animal Health, NSW, 

Australia). A midline laparotomy was performed to expose the uterus. The head and neck of the fetus 

were exteriorised for introduction of polyvinyl catheters (ID 0.86 mm, OD 1.52 mm; Dural Plastics & 

Engineering, NSW, Australia) into the left carotid artery and jugular vein. An ultrasonic flow probe 

(3PS; Transonic Systems, NY, USA) was placed around the right carotid artery to monitor carotid 

blood flow. The fetal chest was exteriorised and the fetus was intubated with a cuffed endotracheal tube 

(ID 4.0-4.5 mm; Smiths Medical) and lung liquid was passively drained. SHAM animals remained 

intubated and exteriorised for 15 min without mechanical ventilation. 

Ventilation was conducted under sterile conditions using a neonatal positive pressure ventilator 

(Babylog 8000+, Dräger, Lübeck, Germany) as described previously.111 Briefly, the exteriorised fetus 

was ventilated for 15 min with a high VT strategy targeting 12-15 ml/kg known to cause ventilation-

induced brain pathology.110,133,134 INJINF+HAE animals were ventilated with the umbilical cord occluder 

inflated with saline to remove placental circulation and to simulate cardiovascular instability following 

umbilical cord clamping. The occluder cuff was deflated and removed at the end of the 15 min injurious 

ventilation and placental blood flow was restored to the fetus.  

After the 15 min of ventilation, the carotid flow probe was removed, and the fetus was extubated and 

returned to the uterus. The fetal jugular vein and carotid artery catheters were externalised through the 

ewe’s flank via a small incision to allow periodic blood sampling. All incision sites were sutured closed 

and the ewe and fetus were allowed to recover. Analgesia was provided to the ewe via buprenorphine 

(0.3 mg i.m.; Temgesic; Reckitt Benckiser, UK) and a transdermal fentanyl patch (75µg/h; Janssen-

Cilag, NSW, Australia) for post-surgery pain relief. At regular intervals over the subsequent 24 h, fetal 

arterial blood was sampled (ABL80 FLEX; Radiometer Medical ApS, Denmark) to ensure fetal 

wellbeing and collected in heparin tubes for plasma cytokine analysis. 



Chapter Three: Isolating Pathways of Acute VIBI 

61 
 

3.2.2. Lamb delivery and subsequent monitoring 
At 24 h post-ventilation, ewes were anaesthetised as above, and the fetus was exteriorised via the same 

incision site. A transcutaneous oximeter (Masimo, CA, USA) was attached to the fetal tail to monitor 

oxygen saturation level and heart rate. UNOP lambs were instrumented with arterial and venous 

polyvinyl catheters prior to delivery.  

All lambs were dried, intubated, and stabilised with a gentle ventilation strategy (Babylog 8000+, 

Dräger). Ventilation was initiated in volume-guarantee mode set at 7 ml/kg, maximum peak inspiratory 

pressure (PIP) 40 cmH2O, positive end expiratory pressure (PEEP) 5 cmH2O, inspiratory time 0.6 s, 

and expiratory time 0.6 s. Fraction of inspired oxygen (FiO2) was set initially at 0.4 but adjusted 

accordingly to maintain arterial oxygen saturation (SaO2) between 88-95% and partial pressure of 

carbon dioxide (PaCO2) between 45-55 mmHg. Intratracheal surfactant (240 mg; Curosurf®; Chiesi 

Pharmaceuticals, Parma, Italy) was administered within the first 10 min of ventilation onset to improve 

lung compliance. Sustained inflations at 35 cmH2O for 5 s durations were applied to recruit the lung if 

necessary.  

Once the lambs were stabilised (within 15 min of ventilation onset), the umbilical cord was clamped 

and the lambs were placed on a magnetic resonance imaging (MRI)-compatible ventilator (Pneupac® 

babyPAC™; Smiths Medical, UK). The MRI acquisition protocol has previously been reported111 and 

is not the focus of this study, although the paper is included as Appendix II in this thesis and I will 

reflect on these results in the discussion of this chapter. Lambs were euthanised (sodium 

pentobarbitone >100 mg i.v.; Valabarb; Jurox, NSW, Australia) for tissue collection after MRI scanning 

(total acquisition time 40 min). Ewes were euthanised (as above) immediately after delivery of the lambs. 

3.2.3. Brain collection 
At autopsy, the brain was removed from the skull and the cerebrum halved along the medial longitudinal 

fissure. The periventricular and subcortical white matter (PVWM; SCWM) were dissected from the 

left cerebral hemisphere and snap-frozen in liquid nitrogen. The right cerebral hemisphere was 

immersion fixed in 10% neutral buffered formalin (NBF; Amber Scientific, WA, Australia) overnight. 

The right hemisphere was then cut coronally into 5 mm blocks (8-9 blocks/animal), post-fixed in 10% 

NBF for 6 days, processed, and paraffin-embedded. Serial sections (8 µm) were cut from one block each 

at the level of frontal, parietal, temporal, and occipital lobes for immunohistochemical analysis.  
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3.2.4. Reverse-transcription real-time quantitative PCR 
Tissue from the PVWM and SCWM of the left hemisphere were separately homogenised, and RNA 

from each region was extracted (RNeasy Midi RNA Extraction Kit; Qiagen, VIC, Australia) and 

reverse-transcribed into cDNA (SuperScript® III First-Strand Synthesis System for RT-PCR kit; 

Invitrogen). Genes of interest were measured by quantitative PCR using the Fluidigm Biomark™ HD 

system (Fluidigm Corporation, CA, USA). Relative mRNA expression of key inflammatory 

interleukins (IL 1 alpha [IL1A], IL 1 beta [IL1B], IL6, tumour necrosis factor [TNF]), tight junction 

proteins (occludin [OCLN], claudin 1 [CLDN1]), and markers of cell death (p53 [P53] and  caspase 3 

[CASP3]) were measured. Samples were run in quadruplicates and the average was taken. The 

expression of all genes was normalised to ribosomal protein S18 (RPS18) expression using the 2–∆∆Ct 

method for each sample, expressed relative to the UNOP group.  

3.2.5. Immunohistochemistry 
Coronal sections from comparable sites of the frontal, parietal, temporal, and occipital lobes (4 

slides/animal) were stained with rabbit anti-ionised calcium binding adapter molecule-1 (Iba-1; 1:1500, 

Wako Pure Chemical Industries, Osaka, Japan) to identify microglia, rabbit anti-sheep serum (1:1000, 

Sigma-Aldrich, MO, USA) to identify vascular extravasation of protein, mouse anti-oligodendrocyte 

transcription factor-2 (Olig2; 1:1000, Merck, Darmstadt, Germany) for oligodendrocytes, rat anti-

myelin basic protein (MBP; 1:200; Merck) to quantify myelin density, and mouse anti-glial fibrillary 

acidic protein (GFAP; 1:400, Sigma-Aldrich) to identify astrocytes. Prior to incubation with anti-Iba-

1, anti-Olig2, anti-MBP, and anti-GFAP, sections were pre-treated with citrate buffer (pH 6.0) in a 

microwave oven. Sections were incubated with secondary antibody biotinylated goat anti-rabbit, goat 

anti-mouse, or goat anti-rat immunoglobulin G (IgG; 1:200; Vector Laboratories, CA, USA) and 

reacted using the Vectastain Elite ABC Kit (Vector Laboratories). Sections reacted with anti-sheep 

serum were counterstained with 20% haematoxylin. Staining was absent when the primary antibody 

was omitted.  

3.2.6. Quantitative immunohistochemical analysis 
Analyses were conducted at equivalent sites within the cerebral white matter of sections from the frontal, 

parietal, temporal, and occipital lobes of each lamb. Non-overlapping fields of view in the PVWM were 

taken medial to lateral from the ventricle, and fields in the SCWM were obtained from alternating gyri 

starting from the second gyrus closest to the midline. For all indices, a mean of all lobes was calculated 

for each animal and then collectively averaged for each treatment group. Slides were coded and the 

observer (KC) was blinded to the treatment. 



Chapter Three: Isolating Pathways of Acute VIBI 

63 
 

The proportion of PVWM and SCWM occupied by Iba-1-positive microglial aggregations was 

assessed using ImageScope (Aperio Technologies, CA, USA); individual aggregation areas were 

summed then divided by the total area of PVWM or SCWM of the section, data expressed as a 

percentage. The fraction areal coverage (%) of Iba-1 immunoreactivity within an aggregation was 

assessed using a set intensity threshold (FIJI; ImageJ, NIH Image, MD, USA).  

Areal density (cells/mm2) of Iba-1-positive microglia were quantified in 3 non-overlapping fields in the 

PVWM and 6 non-overlapping fields in the SCWM from 2 separate gyri, avoiding microglial 

aggregations, using ImageScope (Aperio Technologies). Microglia were distinguished based on 

morphology (ramified microglia were characterised by long cellular processes while amoeboid microglia 

by round, densely stained soma with resorbed processes).195  

Areal density (cells/mm2) of Olig2-positive oligodendrocytes were quantified in 3 non-overlapping 

fields in the PVWM and 6 non-overlapping fields in the SCWM from 2 separate gyri, using FIJI 

(ImageJ).  

Blood vessel profiles with protein extravasation were quantified and expressed as total number of vessel 

profiles with protein extravasation within the PVWM and SCWM.  

Area coverage (%) of MBP immunoreactivity (myelin) and GFAP immunoreactivity (astrocytes) were 

assessed in 3 non-overlapping fields in the PVWM and 6 non-overlapping fields in the SCWM from 

2 separate gyri from the frontal lobe sections only, using a set intensity threshold (FIJI). For assessments 

in the frontal lobe only, a mean was calculated for each treatment group.  

3.2.7. Plasma protein analysis  
Arterial blood was collected via the fetal carotid artery catheter before injurious ventilation (T=0), at 

the end of injurious ventilation (15 min), and post-surgery until delivery (1 h, 3 h, 6 h, 12 h, 24 h). 

Plasma proteins (IL-6 and IL-8) were quantified using a sandwich enzyme-linked immunosorbent 

assay (ELISA). 96-well flat-bottom plates (Nunc Maxisorp™; Thermo Fisher Scientific, MA, USA) 

were coated with mouse anti-ovine IL-6 (1:200, Bio-Rad Laboratories, CA, USA) or mouse anti-ovine 

IL-8 (1:1000, Bio-Rad) antibodies and incubated overnight at 4oC. The next day, plasma samples were 

diluted with an equal part of diluting buffer (PBS, 0.1% BSA, 0.05% Tween 20) and incubated in 

duplicates in the 96-well plates for 1 h at room temperature. After washing, the plates were incubated 

with respective detecting antibodies (rabbit anti-ovine IL-6, 1:200, Bio-Rad; rabbit anti-ovine IL-6, 

1:4000, Bio-Rad) for 1 h at room temperature, washed, then incubated with horse radish 

peroxidase(HRP)-conjugated swine anti-rabbit Ig (1:2000, DAKO, CA, USA) for 1 h at room 

temperature. After further washing, plates were developed with 3.3’, 5.5’-tetramethylbenzidine (TMB 
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chromogen solution; Invitrogen, CA, USA) for 20 min in the dark at room temperature. Reactions 

were stopped with the addition of 0.5M H2SO4. The plates were read on a SpectraMax i3 microplate 

reader (Molecular Devices, CA, USA) at 450 nm to determine optical density. Standards (recombinant 

ovine IL-6 or IL-8; Kingfisher Biotech, MN, USA) were included and a standard curve was generated 

for every ELISA plate used (R2>0.99 for all). 

3.2.8. Statistical analysis  
Fetal parameters, PCR, and immunohistochemical data were compared using one-way analysis of 

variance with Holm-Sidak post hoc comparison (ANOVA; Graphpad Prism 8.1.2; GraphPad Software, 

CA, USA). Blood gas, physiological, and ELISA data were compared using two-way repeated measures 

ANOVA with Holm-Sidak post hoc comparison (SigmaPlot; Systat Software Inc., CA, USA). 

Statistical significance was accepted at p<0.05. Baseline physiological data are presented as mean ± SD 

to convey variability in the study cohort. All other data are presented as mean ± SEM unless otherwise 

stated.  
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3.3. Results 

3.3.1. Physiological parameters 
Blood gas parameters at surgery for all groups (except UNOP) were not different between groups 

[Table 3.1]. Blood gas parameters during injurious ventilation and over the recovery period up to 24 h 

were not different between groups [Fig. 3.1]. Physiological parameters after delivery, during the MRI 

examination, have previously been reported.111 Lamb characteristics, including body and brain weights, 

recorded post-mortem were not different between groups [Table 3.1].  

Table 3.1. Lamb characteristics and baseline arterial blood gas parameters. Lamb characteristics at 

the end of the experiment and fetal arterial blood gas parameters at the start of the experiment were not 

different between groups. Blood gas parameters were taken before any interventions (i.e. before sterile 

fetal surgery for all groups except UNOP before delivery). Data are presented as mean ± SD.  

 UNOP SHAM INJINF INJINF+HAE 

Group characteristics 

Number (n=) 7 5 7 7 
Gestational age (d) 126 ± 1 126 ± 1 126 ± 1 126 ± 1 
Sex (% male) 85.7 60.0 71.4 14.3 
Birth order 1st (ratio) 6:1 4:1 7:0 7:0 
Body weight (kg) 3.4 ± 0.4 3.3 ± 0.2 3.4 ± 0.5 3.2 ± 0.4 
Brain weight (g) 45.6 ± 2.6 46.0 ± 2.5 46.3 ± 2.4 45.9 ± 4.2 

Arterial blood gas parameters 

pH 7.27 ± 0.03 7.27 ± 0.04 7.25 ± 0.05 7.24 ± 0.04 
PaCO2 (mmHg) 59.0 ± 7.8 64.0 ± 12.9 57.3 ± 7.7 63.9 ± 6.9 
PaO2 (mmHg) 36.7 ± 17.7 33.0 ± 4.8 43.2 ± 9.9 34.8 ± 5.3 
SaO2 (%) 48.2 ± 23.1 46.4 ± 12.7 62.6 ± 11.9 53.6 ± 19.4 

PaCO2 partial pressure of carbon dioxide; PaO2 partial pressure of oxygen; SaO2 oxygen saturation. 
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Figure 3.1. Arterial blood gas parameters during the injurious ventilation and recovery periods. (A) 

pH, (B) partial pressure of carbon dioxide (PaCO2), (C) partial pressure of oxygen (PaO2), and (D) 

oxygen saturation level (SaO2) at specified time points after commencement of injurious ventilation 

were not different between SHAM (yellow), INJINF (blue), and INJINF+HAE (red) animals. Data presented 

as mean ± SEM.  
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3.3.2. Injurious ventilation and carotid blood flow 
VT increased in both groups over the 15 min duration but failed to reach the target range of 12-15 ml/kg 

[Fig. 3.2A]. VT was significantly higher in the INJINF+HAE group compared to the INJINF group at 5 min 

(p=0.014) but was not different thereafter. At 15 min, VT was 8.3 ± 1.7 ml/kg in INJINF animals and 9.3 

± 1.3 ml/kg in INJINF+HAE animals. 

Carotid blood flow, used as a proxy for CBF,202 was relatively stable and did not change within the 

SHAM group over the 15 min period the animals were exteriorised but not ventilated (coefficient of 

variation = 2.5%, Fig. 3.2B, E). Compared to SHAM animals, CBF was more variable in INJINF 

animals (coefficient of variation = 15.8%; Fig. 3.2C) and most variable in INJINF+HAE animals (coefficient 

of variation = 30.5%; Fig. 3.2D). CBF decreased in both ventilation groups and was significantly lower 

than baseline (pre-ventilation) levels at 13-15 min (p<0.05 for all time points). CBF was higher in 

INJINF+HAE than INJINF animals at 3-5 min (p<0.05 for all time points; Fig. 3.2E).  
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Figure 3.2. Tidal volume and carotid blood flow during injurious ventilation. (A) Tidal volume (VT) 

increased over time in INJINF (blue) and INJINF+HAE (red) animals. VT was higher in INJINF+HAE than 

INJINF at 5 min. (B-D) Representative snapshots of carotid blood flow (CBF) where INJINF+HAE animals 

that received injurious ventilation with umbilical cord occlusion showed the greatest CBF instability. 

(E) CBF corrected for brain weight was higher in INJINF+HAE than INJINF animals at 3-5 min. Dotted

line indicates when injurious ventilation commenced. Data presented as mean ± SD. #p<0.05 INJINF+HAE

vs INJINF animals.
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3.3.3. Plasma cytokine levels 
Plasma IL-6 levels appeared higher in the INJINF+HAE group compared to INJINF and SHAM but this 

failed to reach significance (p=0.402; Fig. 3.3A). IL-6 levels within the INJINF+HAE group were 

significantly higher at 12 h compared to baseline (p=0.036) and 15 min (p=0.022), but not different 

between groups. 

Plasma IL-8 levels were not different between groups (p=0.575; Fig. 3.3B) nor did they change within 

any group throughout the 24 h period.  

Figure 3.3. Plasma levels of the pro-inflammatory cytokines after injurious ventilation. (A) 

interleukin(IL)-6 and (B) IL-8 levels were not different between SHAM (yellow), INJINF (blue), and 

INJINF+HAE (red) animals at any assessed time point. Data are not available for unoperated controls that 

did not receive fetal surgery and instrumentation as plasma could not be obtained. Data presented as 

mean ± SEM. 
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3.3.4. Gene expression levels in the PVWM and SCWM 
The mRNA levels of cytokines IL 1 alpha (IL1A), IL 1 beta (IL1B), IL 6 (IL6), and tumour necrosis 

factor (TNF) in the PVWM and SCWM were not different between groups. mRNA levels of tight 

junction proteins claudin 1 (CLDN1) and occludin (OCLN), and cell death markers p53 (P53) and 

caspase 3 (CASP3) in the PVWM [Fig. 3.4A] and SCWM [Fig. 3.4B] were not different between 

groups. 

 

Figure 3.4. Gene expression levels of inflammatory cytokines (interleukin 1 alpha [IL1A], interleukin 

1 beta [IL1B], interleukin 6 [IL6], tumour necrosis factor [TNF]), tight junction proteins (claudin 1 

[CLDN1], occludin [OCLN]), and markers of cell death (p53 [P53], caspase 3 [CASP3]) in the (A) 

PVWM and (B) SCWM were not different between groups. Data presented as mean ± SEM. 

  

SCWM 

Inflammatory cytokines Tight junctions Markers of cell death 
IL1A IL1B IL6 TNF CLDN1 OCLN P53 CASP3 

  
 

 
 

  

SHAM
UNOP

  
 

 
 

  

INJINF
INJINF+HAE

Fo
ld

 c
ha

ng
e 

fr
om

 U
N

O
P 

A PVWM 

Inflammatory cytokines Tight junctions 
IL1A IL1B IL6 TNF CLDN1 OCLN 

Fo
ld

 c
ha

ng
e 

fr
om

 U
N

O
P 

B 

P53 CASP3 
Markers of cell death 



Chapter Three: Isolating Pathways of Acute VIBI 

71 
 

3.3.5. Immunohistochemical assessment of brain injury 
Quantitative assessment of the resident immune cells of the brain (microglia), blood-brain barrier 

integrity (protein extravasation), and myelinating cells (oligodendrocytes) showed no differences 

between all groups.  

The number of Iba-1-positive aggregations was not different between groups in the PVWM (p=0.760) 

and SCWM (p=0.537; Fig. 3.5A). The area occupied by these aggregations within the PVWM and 

SCWM were not different between groups (p=0.758; p=0.321; data not presented). The areal density 

of microglia within these aggregations was not different between groups in both the PVWM (p=0.480) 

and SCWM (p=0.154; Fig. 3.5B).  

The total number of Iba-1-positive microglia was not different between groups in the PVWM (p=0.833) 

and SCWM (p=0.197; Fig. 3.5C). The areal densities of ramified and amoeboid microglia were not 

different between groups in the PVWM (ramified p=0.851; amoeboid p=0.597) and SCWM (ramified 

p=0.205; amoeboid p=0.937; data not presented). The percentage of amoeboid microglia was not 

different between groups in both the PVWM (p=0.579) and SCWM (p=0.802; Fig. 3.5D).  

The areal density of olig-2-positive cells was not different between groups in the PVWM (p=0.829) 

and SCWM (p=0.697; Fig. 3.6A).  

The area coverage of MBP-positive cells was not different between groups in the PVWM (p=0.085) 

and SCWM (p=0.209) of the frontal lobe [Fig. 3.6B].  

The number of blood vessel profiles with protein extravasation was not different between groups in the 

PVWM (p=0.709) and SCWM (p=0.333; Fig. 3.7A).  

The area coverage of GFAP-positive astrocytes was not different between groups in the PVWM 

(p=0.837) and SCWM (p=0.426) of the frontal lobe [Fig. 3.7B]. 
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Figure 3.5. Iba-1-positive microglia in the PVWM and SCWM. The (A) number of microglia 

aggregations, (B) areal density of microglia within aggregations, (C) total number of microglia, and (D) 

percentage of amoeboid microglia in the PVWM and SCWM were not different between groups. (E) 

Representative image of microglia aggregations (dotted outline; scale bar = 5mm; insert E’ shows 

microglia density within the aggregation, scale bar = 50µm). (F) Representative image of Iba-1-positive 

cells, arrows indicate ramified microglia and arrowhead indicates amoeboid microglia, scale bar = 50µm. 

Data presented as mean ± SEM. 
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Figure 3.6. Olig2-positive and MBP-positive oligodendrocytes in the PVWM and SCWM. (A) The 

areal density of Olig2-positive cells in the PVWM and SCWM were not different between groups. (B) 

Representative image of Olig-2 positive cells (arrows). (C) The area coverage of MBP-positive cells in 

the PVWM and SCWM were not different between groups. (D) Representative image of MBP staining 

assessed for myelin density. Scale bar = 50µm for all images. Data presented as mean ± SEM. 
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Figure 3.7. Sheep serum immunoreactivity and GFAP-positive astrocytes in the PVWM and 

SCWM. (A) The number of blood vessel profiles with protein extravasation in the PVWM and 

SCWM were not different between groups. (B) Representative image of sheep serum staining, arrow 

indicates vessel profile with protein extravasation. (C) The area coverage of GFAP-positive cells in the 

PVWM and SCWM were not different between groups (D) Representative image of GFAP staining 

assessed for area coverage. Scale bar = 50µm for all images. Data presented as mean ± SEM.
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3.4. Discussion 
Preterm neonates exposed to volutrauma in the delivery room are at increased risk of brain injury, but 

the aetiology of this brain injury and the relative contribution of pathways to VIBI are not well 

understood. In the current study, we evaluated brain injury 24 h after injurious ventilation and aimed 

to determine the relative contributions of the haemodynamic and inflammatory pathways of injury. This 

study is the first to evaluate histopathology of acute VIBI at this time point. At 0.85 gestation, white 

matter development in the ovine brain is comparable to that of a late preterm or term human infant.203,204 

Surprisingly, my results showed no effect of acute injurious ventilation on molecular and 

histopathological indices of brain injury within the PVWM and SCWM at 24 h. 

In studies that have adopted a similar injurious ventilation strategy (15 min of high VT ventilation) in 

sheep of similar gestational age, the insult upregulated mRNA gene expression levels of pro-

inflammatory cytokines, compromised the blood-brain barrier (BBB), increased microgliosis and 

astrogliosis, and increased markers of cell death in the PVWM and SCWM of preterm lambs, 

detectable 90 min to 2 h after ventilation.110,133,135 Furthermore, we have previously established that our 

ventilation strategy in the current study causes significant lung inflammation and structural changes 

when evaluated at 24 h.189 Although we failed to reach the target VT of 12-15 ml/kg, likely because of 

insufficient surfactant and low pulmonary compliance, the achieved VT of 7-10 ml/kg is still higher than 

the normal VT of 5-7 ml/kg for lambs of this gestational age.110,137,205 Following ventilation with intact 

umbilical cord perfusion, the lungs of some animals in the current study (INJINF group) had increased 

inflammatory cell infiltration, increased number of proliferating cells, increased alveolar wall thickness, 

and decreased secondary septal crests.189 However, as my plasma cytokine results suggest, this increase 

in pulmonary inflammation may not have initiated systemic inflammation. The absence of profound 

systemic inflammation may explain the lack of histological brain injury, since cerebral inflammation in 

VIBI is postulated to be downstream of profound pulmonary and systemic inflammation.96 

When evaluating cerebral inflammation, I found no effect of ventilation on mRNA levels of 

inflammatory cytokines in the PVWM and SCWM. Previous studies have shown elevated IL6 and IL8 

mRNA levels  2 h after the initiation of injurious ventilation.133,135 Given that mRNA is transient, it is 

possible that changes to mRNA levels resolved over the 24 h period and hence changes were not 

detected in my tissue. A limitation of this study is that I did not evaluate the products of these genes at 

a protein level. However, microglia activation was similarly not different between groups. Microglia, 

the resident immune cells of the central nervous system, are activated when an insult is present, and this 

is reflected structurally as a change from ramified to amoeboid state.195 I was not able to differentiate 

amoeboid microglia on the reactivity spectrum to determine if they were predominantly pro- or anti- 
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inflammatory. However, previous observations of microglia activation and aggregation 105 min after 

the onset of acute injurious ventilation have been postulated to indicate or contribute to inflammation.133 

The area coverage of astrocytes was also not different between groups. Astrocytes, like microglia, are 

able to regulate inflammation in the CNS, and hypertrophy of the astrocytic cell body and processes is 

indicative of astrogliosis.39 This was not observed in this study. Thus, it appears that brief high VT 

ventilation, with or without intact placental circulation, has not increased cerebral inflammation when 

compared to control animals in my study.  

Disruption of the BBB and vascular integrity are associated with increased risks of cerebral 

inflammation as peripheral toxic mediators enter the brain parenchyma.96 To evaluate BBB and vascular 

integrity, I examined mRNA levels of key tight junction proteins claudin 1 (CLDN1) and occludin 

(OCLN) in the PVWM and SCWM. These tight junction proteins establish a paracellular barrier vital 

to BBB integrity.206 No differences in gene expression were found between groups. This is perhaps due 

to the aforementioned reason of mRNA levels resolving, since previous studies where preterm lambs 

received high VT ventilation showed that CLDN1 mRNA expression was increased in the PVWM and 

decreased in the SCWM at 2 hours after the initiation of injurious ventilation.133 Another reason may 

be that tight junction proteins may not be altered during the initial insult, but rather are redistributed 

or rapidly remodelled to prevent paracellular gap formation.206 I have not investigated the localisation 

of tight junction proteins with immunohistochemical methods. Instead, I investigated protein 

extravasation which is a common technique used to identify vascular endothelium disruption, a potential 

early indicator of BBB compromise and haemorrhage.207 I found no differences between groups, again 

in contrast to previous studies whereby a higher incidence of vascular extravasation was observed in both 

the PVWM and SCWM of preterm ventilated lambs.110,133 Together, these results suggest that my 

ventilation strategy did not compromise BBB and vascular integrity in the ventilated animals as 

compared to their control counterparts, when assessed at 24 h.  

I used Olig2 to identify oligodendrocyte lineage cells and found that cell numbers were not altered 

irrespective of ventilation strategy. Myelin density (MBP immunoreactivity) in the frontal lobe was 

similarly unaffected by ventilation. The effect of acute injurious ventilation on oligodendrocyte lineage 

cells has not previously been characterised, although 15 min of high VT ventilation did not affect myelin 

density in the PVWM at 90 min after the initiation of ventilation.138 Furthermore, regardless of 

ventilation strategy, mRNA levels of p53 (P53) and caspase 3 (CASP3) were not altered in the PVWM 

and SCWM of the lambs in this study, unlike in previous studies where mRNA levels of both markers 

of cell death were increased in the SCWM of ventilated preterm lambs.133  
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The ostensible conclusion from the results described above is that the initial 15 min high VT ventilation 

in this study, despite causing lung injury,189 was not as harmful to the immature brain as intended. This 

may suggest that the presence of lung injury is not necessarily associated with brain injury. However, it 

is important to note that the animals in this study underwent MRI for detection of brain injury, and 

DTI colour-mapping detected subtle brain injury in the frontal white matter of ventilated lambs (INJINF 

and INJINF+HAE) of this study.111 The altered DTI indices are indicative of axonal loss (decreased axial 

diffusivity) and impairment of myelination (decreased radial diffusivity).111 Therefore, an appropriate 

conclusion may be that the methodology used to detect histological evidence of brain injury following 

15 min of injurious ventilation had a limited scope. There may be several explanations: 1) injury was 

present but not detectable by the techniques I used or in the areas I assessed and hence could not be 

detected at 24 h, 2) injury was present but was masked by injury caused by subsequent ‘gentle’ ventilation 

whilst the animals underwent MRI, or 3) injury was not present because of the low VT applied. 

Firstly, I focused on the PVWM and SCWM as these are regions commonly affected in preterm 

neonates and which have previously been reported to be affected in preterm ventilated lambs. Indeed, 

our work using DTI colour-mapping in the same animals of the current study detected lower 

diffusivities, indicative of axonal and myelin loss, in the frontal white matter.111 My molecular and 

immunohistochemical analyses were limited to key markers of neuroinflammation and white matter 

integrity previously shown to be altered in acute VIBI.110,133,135 It is possible that other markers or 

techniques, such as assessing neuronal and axonal integrity would complement the DTI findings and 

may detect appreciable differences. In addition, DTI colour-mapping detected subtle injury in the 

thalamus, internal capsule, and cerebellum111 which were not included in the analyses in the current 

study; VIBI in these regions have yet to be thoroughly interrogated and it is possible that our ventilation 

strategy adversely affects these structures.  

Next, all lambs underwent 1 h of MRI after delivery, during which they were anaesthetised and 

mechanically ventilated. Even though a gentle ventilation strategy was employed, it is possible that this 

procedure induced a baseline of subtle injury in all animals which masked changes from the initial 

injurious ventilation and confounded the results. Indeed, even when gentle or protective ventilation 

strategies are used, the immature brain remains at high risk of injury.155,205 Unfortunately, we did not 

undertake a control group that did not undergo MRI and therefore were not exposed to the second 

anaesthesia and ventilation period, and in hindsight this is a major limitation for the histology sub-

analysis. Using the same model, Hillman et al. previously demonstrated an additive effect of continued 

ventilation (gentle strategy for 2 h 45 min) to resuscitation injury in the preterm lung, even when the 

initial resuscitation caused significant injury.205 My findings indicate a need to revisit the contribution 
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of prolonged mechanical ventilation in the pathogenesis of brain injury in preterm infants. I also 

recommend that this be considered for future experimental design.  

Another explanation to the absence of histological injury might be that the VT achieved was not high 

enough to elicit VIBI. In this study, ventilated lambs received VT of ~7-10 ml/kg while in previous 

VIBI studies, brain injury was detected in lambs that received VT of 12-15 ml/kg.110,133,134 I speculate 

that the VT applied, even though marginally higher than the normal VT, was insufficient to activate the 

pathways of VIBI. This warrants further investigation as it implies that appropriate monitoring of VT 

in the delivery room may prevent or reduce VIBI.  

Due to the abovementioned reasons, it was not possible to compare the INJINF and INJINF+HAE groups to 

address the relative contributions of the two main pathways of VIBI. This study was designed to isolate 

the two main pathways of VIBI by manipulating placental support. Maintaining placental blood supply 

during PPV minimises rapid fluctuations in pulmonary and carotid blood flow, thereby reducing the 

impact of the haemodynamic pathway of VIBI.111,205 The expected injury in animals ventilated with 

intact placental circulation can therefore be attributed primarily to the inflammatory pathway. On the 

other hand, injury in animals ventilated with the umbilical cord occluded can be attributed to both 

pathways and comparisons of the two groups would reveal the relative contribution of each pathway to 

VIBI. The pattern of cerebral haemodynamic instability observed in the INJINF+HAE animals in this study 

is consistent with that previously documented in preterm lambs when high VT ventilation was initiated 

without placental support.110 The initial rapid increase in CBF was likely in response to the temporary 

removal of the low resistance placental circulation, which would have increased systemic vascular 

resistance and blood flow towards the lungs, thus increasing pulmonary blood flow, pulmonary venous 

return, cardiac output, and consequently CBF. Additionally, umbilical cord occlusion decreases arterial 

and cerebral oxygen saturation, prompting CBF to increase to maintain adequate cerebral oxygen 

delivery (autoregulation). The subsequent more gradual decrease of CBF observed in both groups 

during the ventilation period may be a result of compression of pulmonary capillaries which decreases 

pulmonary blood flow. In the INJINF+HAE group, it may also be that cerebral oxygen saturation returned 

to levels not needing autoregulation compensation in those animals.  

DTI analysis of the brains of animals from this study suggests that the haemodynamic pathway has 

additive effects to the inflammatory pathway on the progression of VIBI.111 In INJINF+HAE animals, IL-

6 level was higher at 12 h compared to baseline and 15 min levels although this was not different to the 

other groups. This may suggest that the haemodynamic pathway is closely linked to the inflammatory 

pathway. The possibility that the haemodynamic pathway potentially increases systemic inflammation 

may allude to its role in injury progression. It is unclear how this may occur. However, excessive 
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haemodynamic shear stress may result in endothelial dysfunction of vascular walls, and potentially 

induce an inflammatory reaction.208  

3.5. Conclusion 
In this study, I set out to examine whether the haemodynamic pathway of injury has additive effects to 

the inflammatory pathway on the progression of VIBI. However, I am not able to report conclusive 

results due to the lack of histologically-detectable injury in the ventilated lambs. I am also not able to 

conclude if injury detected at earlier time points in previous studies persist to 24 h, however, it appears 

that using lower VT for ventilation does not cause VIBI. Further, my results rationalise the need to 

investigate the effects of prolonged ventilation on the immature brain of preterm infants. 
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Chapter Four: Early UCBC Exacerbates Acute VIBI 

In this study, I investigated the potential of early administration of umbilical cord blood (UCB) cells to 

reduce ventilation-induced brain injury (VIBI) in preterm lambs. The effects of early administration of 

UCB cells on the lungs of the preterm lambs in this study have been published. These findings are 

complementary to the discussion in this chapter and are provided in Appendix III. 

To address the aim of this study, I used the same experimental model as that in Chapter 3. Three groups 

from Chapter 3 (UNOP, SHAM, INJINF) were used as comparison groups in this study. This reduced 

the number of large animals in line with accepted animal ethics principles. It may appear that the 

experimental model chosen is unjustified given the lack of brain injury in the ventilation groups in 

Chapter 3. However, the animal experiments in this chapter commenced before the results presented 

in Chapter 3 were available. Instead, the decision to start experiments on the additional animals in this 

chapter was made based on preliminary magnetic resonance imaging (MRI) results of those animals 

(Appendix II). The MRI findings had showed that ventilated animals had worse injury than control 

animals and supported the use of the model to investigate UCB cells.  

4.1. Introduction 
Preterm infants (<37 weeks gestation) have a high requirement for respiratory support at birth due to 

their immature lungs. The initiation of ventilation in the delivery room is sometimes inadvertently 

injurious because tidal volumes (VT) are poorly controlled.87,88 This often leads to pulmonary 

inflammation and injury and, consequently, systemic and cerebral inflammation and injury.96,110 Indeed, 

excessive VT in delivery room resuscitation is associated with an increased risk of haemorrhagic brain 

injury in preterm infants.97  

The key pathways of VIBI are postulated to be inflammation and haemodynamic instability, primarily 

downstream of the pulmonary consequences from ventilation.96,110 An additive role of the 

haemodynamic pathway of injury to the inflammatory pathway has recently been suggested, 

highlighting the importance of targeting inflammation for effective prevention or treatment of VIBI.111 

However, such a therapeutic agent has not yet been examined for this purpose.   

UCB cells are a therapeutic option that have been examined preclinically as a neuroprotective strategy 

and have demonstrated strong anti-inflammatory properties.185,188,209,210 UCB consists of a heterogenous 

population of mononuclear cells and stem and progenitor cells, which have been shown to modulate 
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neuroinflammation in the preterm brain.171,175 In particular, mesenchymal stromal cells (MSCs), 

monocyte-derived suppressor cells, and regulatory T-cells present within cord blood are strongly linked 

to immunomodulatory and anti-inflammatory properties.171,175 Accordingly, I proposed that 

administration of UCB cells may attenuate the inflammatory pathway associated with VIBI.  

Studies using UCB cells have found that administration 12 h after acute hypoxia-ischaemia reduced 

cerebral inflammation and injury in the periventricular white matter (PVWM), subcortical white matter 

(SCWM), and internal capsule of near-term and preterm sheep.184,188 In a fetal sheep model of systemic 

inflammation, UCB cell treatment reduced cell death and inflammation within the white matter, and 

improved myelination.209 However, the interaction of UCB cells and mechanical ventilation in the 

preterm cohort has not been investigated. Given that a significant number of preterm infants will require 

ventilation which increases their risk of white matter injury, it is vital to investigate the use of UCB cells 

in this context.  

In this study, I investigated the effects of early UCB cells administration at 1 h after injurious ventilation 

on systemic inflammatory cytokine levels and cerebral white matter injury 24 h later. I hypothesised 

that UCB cells would reduce indices of white matter injury by attenuating systemic and neuro-

inflammation. 

4.2. Methods 
The detailed experimental methodology used in this study is provided in Chapter 2. Below is a concise 

overview. Experimental procedures were approved by the Monash Medical Centre Animal Ethics 

Committee A, Monash University, and were conducted in accordance with guidelines established by 

the National Health and Medical Research Council of Australia.  

Animals were randomised to one of the following groups:  

1) Control (CONT; n=12)  

a. Unoperated control (UNOP; n=7): Lambs did not undergo fetal surgery or ventilation 

and were used to control for the surgical intervention.  

b. Sham surgery control (SHAM; n=5): Lambs underwent fetal surgery, were 

instrumented and intubated, but did not receive mechanical ventilation to control for 

the experimental intervention. 

2) Injurious ventilation (INJ; n=7): Lambs received 15 min of high VT ventilation. 

3) Injurious ventilation with umbilical cord blood cell treatment (INJ+UCBC; n=7): Lambs 

received 15 min of high VT ventilation and at 1 h after the initiation of ventilation (referred to 

as 1 h post-ventilation), 80 million ovine UCB cells were administered intravenously (i.v.).  



Chapter Four: Early UCBC Exacerbates VIBI 

82 
 

4.2.1. Instrumentation and injurious ventilation strategy 
Pregnant ewes at 125 ± 1 days gestation (mean ± SD; term ~148 days) were anaesthetised via intravenous 

injection of thiopentone sodium (20 mg/kg; Jurox, NSW, Australia), followed by tracheal intubation 

and delivery of inhalational anaesthetic (isoflurane 1.5-2.5% in oxygenated air; Bomac Animal Health, 

NSW, Australia). A midline laparotomy was performed to expose the head and neck of the fetus for 

instrumentation of polyvinyl catheters (ID 0.86 mm, OD 1.52 mm; Dural Plastics & Engineering, 

NSW, Australia) in the left carotid artery and jugular vein. An ultrasonic flow probe (3PS; Transonic 

Systems, NY, USA) was placed around the right carotid artery to monitor carotid blood flow. The fetal 

chest was exteriorised, the fetus was intubated with a cuffed endotracheal tube (ID 4.0-4.5 mm; Smiths 

Medical, UK), and lung liquid was passively drained. SHAM animals remained intubated and 

exteriorised for 15 min without mechanical ventilation. 

Ventilation was conducted under sterile conditions using a neonatal positive pressure ventilator 

(Babylog 8000+, Dräger, Lübeck, Germany) as described in Chapter 2 (Section 2.2.2). Briefly, the 

exteriorised fetus was ventilated for 15 min with a high VT strategy targeting 12-15 ml/kg, which is 

known to cause ventilation-induced brain pathology (normal VT 5-7 ml/kg). 

After the 15 min period of ventilation, the carotid flow probe was removed, and the fetus was extubated 

and returned to the uterus. The fetal jugular vein and carotid artery catheters were externalised through 

the ewe’s flank via a small incision to allow for i.v. cell administration and periodic blood sampling 

respectively. All incision sites were sutured closed and the ewe and fetus were allowed to recover. 

Analgesia was provided to the ewe via buprenorphine (0.3 mg i.m.; Temgesic; Reckitt Benckiser, UK) 

and a transdermal fentanyl patch (75µg/h; Janssen-Cilag, NSW, Australia) for post-surgery pain relief. 

At 15 min, 1 h, 3 h, 6 h, 12 h, and 24 h post-ventilation, fetal arterial blood was sampled (ABL80 

FLEX; Radiometer Medical ApS, Denmark) to ensure fetal wellbeing and collected in heparin tubes 

for plasma analysis. 

4.2.2. Umbilical cord blood cells treatment 
At 1 h post-ventilation, 80 million allogeneic UCB cells suspended in 3 ml of phosphate-buffered saline 

(PBS; Gibco, MA, USA) were administered to the fetus via the jugular vein catheter. The catheter was 

flushed with 3 ml of sterile heparinised saline to ensure all the cells were administered.  

The preparation of UCB cells has previously been reported188,189 and is detailed in Chapter 2 (Section 

2.2.4). Briefly, cord blood samples were collected from healthy near-term sheep (141 days gestation of 

term 148 days) at the time of caesarean-section delivery and the cord blood was processed to remove 

erythrocytes. The remaining UCB cells were assessed for viability, then cryopreserved. On the day of 
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cell administration, UCB cell samples were rapidly thawed, washed with media, resuspended in PBS 

(Gibco), and recounted. Cells were kept on ice until administration via the jugular vein catheter.  

4.2.3. Lamb delivery and subsequent monitoring 
At 24 h post-ventilation, ewes were anaesthetised as above and the fetus was exteriorised via the same 

incision site. A transcutaneous oximeter (Masimo, CA, USA) was attached to the tail of the fetus to 

monitor oxygen saturation level and heart rate. UNOP lambs were instrumented with arterial and 

venous polyvinyl catheters prior to delivery.  

All lambs were dried, intubated, and stabilised with a gentle ventilation strategy (Babylog 8000+, 

Dräger). Ventilation was initiated in volume-guarantee mode set at 7 ml/kg, maximum peak inspiratory 

pressure (PIP) 40 cmH2O, positive end expiratory pressure (PEEP) 5 cmH2O, inspiratory time 0.6 s, 

and expiratory time 0.6 s. The fraction of inspired oxygen (FiO2) was set initially at 0.4 but adjusted 

accordingly to maintain arterial oxygen saturation (SaO2) between 88-95% and partial pressure of 

carbon dioxide (PaCO2) between 45-55 mmHg. Intratracheal surfactant (240 mg; Curosurf®; Chiesi 

Pharmaceuticals, Parma, Italy) was administered within the first 10 min of ventilation onset to improve 

lung compliance. Sustained inflations at 35 cmH2O for 5 s duration were applied to recruit the lung if 

necessary. 

Once the lambs were stabilised (within 15 min of ventilation onset), the umbilical cord was clamped 

and the lambs were transferred to an MR-compatible ventilator (Pneupac® babyPAC™; Smiths 

Medical, UK) using the same ventilator settings on the Dräger ventilator as a reference. The MRI 

acquisition protocol has previously been reported111 and is not the focus of this study. Lambs were 

euthanised (sodium pentobarbitone >100 mg i.v.; Valabarb Euthanasia Solution; Jurox, NSW, Australia) 

for tissue collection after MRI scanning (total acquisition time 40 min). Ewes were euthanised 

(overdose of sodium pentobarbitone i.v.; Valabarb) immediately after delivery of the lambs. 

4.2.4. Brain collection 
The brain was removed from the skull and the cerebrum halved along the medial longitudinal fissure. 

The periventricular and subcortical white matter (PVWM; SCWM) were dissected from the left 

cerebral hemisphere and snap-frozen in liquid nitrogen. The right cerebral hemisphere was immersion 

fixed in 10% neutral buffered formalin (NBF; Amber Scientific, WA, Australia) overnight. The right 

hemisphere was then cut coronally into 5 mm blocks (8-9 blocks/animal), post-fixed in 10% NBF for 

6 days, processed, and paraffin-embedded. Serial sections (8 µm) were cut from one block each at the 

level of frontal, parietal, temporal, and occipital lobes for immunohistochemical analysis.  
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4.2.5. Plasma protein analysis 
Arterial blood was collected via the fetal carotid artery catheter before injurious ventilation (T=0), at 

the end of injurious ventilation (15 min), and post-surgery until delivery (1 h, 3 h, 6 h, 12 h, 24 h). 

Plasma cytokines (interleukin-6 [IL-6] and interleukin-8 [IL-8]) were quantified using a sandwich 

enzyme-linked immunosorbent assay (ELISA), as described in detail in Chapter 2 (Section 2.5.1). 

Briefly, 96-well plates were coated with mouse anti-ovine IL-6 (1:200, Bio-Rad Laboratories, CA, 

USA) or mouse anti-ovine IL-8 (1:1000, Bio-Rad) antibodies. Plasma samples were diluted with an 

equal part of diluting buffer (PBS, 0.1% bovine serum albumin [BSA], 0.05% Tween 20) and incubated 

in the 96-well plates. The plates were then incubated with respective detecting antibodies (rabbit anti-

ovine IL-6, 1:200, Bio-Rad; rabbit anti-ovine IL-8, 1:4000, Bio-Rad) followed by horse radish 

peroxidase (HRP)-conjugated swine anti-rabbit immunoglobulin (Ig; 1:2000, DAKO, CA, USA). 

Plates were developed with 3.3’, 5.5’-tetramethylbenzidine (TMB chromogen solution; Invitrogen, CA, 

USA) and read on a SpectraMax i3 microplate reader (Molecular Devices, CA, USA) at 450 nm to 

determine optical density. Standards (recombinant ovine IL-6 or IL-8; Kingfisher Biotech, MN, USA) 

were included and a standard curve was generated for every ELISA plate used (R2>0.99 for all).  

4.2.6. Reverse-transcription real-time quantitative PCR 
Tissue from the PVWM and SCWM of the left hemisphere were separately homogenised, and RNA 

from each region was extracted (RNeasy Midi RNA Extraction Kit; Qiagen, VIC, Australia) and 

reverse-transcribed into cDNA (SuperScript® III First-Strand Synthesis System for RT-PCR kit; 

Invitrogen). Genes of interest were measured by quantitative PCR using the Fluidigm Biomark™ HD 

system (Fluidigm Corporation, CA, USA). Relative mRNA expression of key inflammatory 

interleukins, tight junction proteins, mediators of angiogenesis, and markers of cell death were 

measured, as described in Chapter 2 (Section 2.5.2.3). Samples were run in triplicates and the average 

was taken. The expression of all genes was normalised to ribosomal protein S18 (RPS18) expression 

using the 2–∆∆Ct method for each sample, expressed relative to the INJ group.  

4.2.7. Immunohistochemistry 
Coronal sections from comparable sites of the frontal, parietal, temporal, and occipital lobes (4 

slides/animal) were stained with anti-ionised calcium binding adapter molecule-1 (Iba-1; 1:1500, Wako 

Pure Chemical Industries, Osaka, Japan) to identify microglia, anti-sheep serum (1:1000, Sigma-

Aldrich, MO, USA) to identify vascular extravasation of protein, and anti-oligodendrocyte 

transcription factor-2 (Olig2; 1:1000, Merck, Darmstadt, Germany) for oligodendrocytes. Prior to 

incubation with anti-Iba-1 and anti-Olig2, sections were pre-treated with citrate buffer (pH 6.0) in a 
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microwave oven. Sections were incubated with secondary antibody biotinylated goat anti-rabbit or goat 

anti-mouse immunoglobulin G (IgG; 1:200; Vector Laboratories, CA, USA) and reacted using the 

Vectastain Elite ABC Kit (Vector Laboratories). Sections reacted with anti-sheep serum were 

counterstained with 20% haematoxylin. Staining was absent when the primary antibody was omitted.  

4.2.8. Quantitative immunohistochemical analysis 
Analyses were conducted at equivalent sites within the cerebral white matter of sections from the frontal, 

parietal, temporal, and occipital lobes of each lamb. Non-overlapping fields of view in the PVWM were 

taken medial to lateral from the ventricle, and fields in the SCWM were obtained from alternating gyri 

starting from the second gyrus closest to the midline. Slides were coded and the observer (KC) was 

blinded to the treatment. 

The proportion of PVWM and SCWM occupied by Iba-1-positive microglial aggregations was 

assessed using ImageScope (Aperio Technologies, CA, USA); individual aggregation areas were 

summed then divided by the total area of PVWM or SCWM of the section, data expressed as a 

percentage. The fraction areal coverage (%) of Iba-1 immunoreactivity within an aggregation was 

assessed using a set intensity threshold (FIJI; ImageJ, NIH Image, MD, USA).  

Areal density (cells/mm2) of Iba-1-positive microglia was quantified in 3 non-overlapping fields in the 

PVWM and 6 non-overlapping fields in the SCWM from 2 separate gyri, avoiding microglial 

aggregations, using ImageScope (Aperio Technologies). Microglia were distinguished based on 

morphology (ramified microglia were characterised by long cellular processes while amoeboid microglia 

by round, densely stained soma with resorbed processes).195  

Areal density (cells/mm2) of Olig2-positive oligodendrocytes was quantified in 3 non-overlapping fields 

in the PVWM and 6 non-overlapping fields in the SCWM from 2 separate gyri, using FIJI (ImageJ, 

NIH). Blood vessel profiles with protein extravasation were quantified and expressed as total number 

of vessel profiles with protein extravasation within the PVWM and SCWM. For all indices, a mean of 

all lobes was calculated for each animal and then collectively averaged for each treatment group.  

4.2.9. Statistical analysis 
Fetal parameters were compared using a one-way analysis of variance (ANOVA; Graphpad Prism 8.1.2; 

GraphPad Software, CA, USA). ELISA data were compared using two-way repeated measures 

ANOVA with Holm-Sidak post hoc comparison (SigmaPlot; Systat Software Inc., CA, USA). PCR 

data was only obtained for INJ and INJ+UCBC animals and have been compared using an independent 

T-Test (Graphpad Prism 8.1.2). There were no differences in any immunohistochemical indices 
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between the UNOP and SHAM group, as described in Chapter 3, and they are reported here as a 

pooled control group (CONT) for comparisons to the INJ and INJ+UCBC groups. All 

immunohistochemical data were compared using a one-way ANOVA with Holm-Sidak post hoc 

comparison (Graphpad Prism 8.1.2). Statistical significance was accepted at p<0.05. Baseline 

physiological data are presented as mean ± SD to convey variability in the study cohort. All other data 

are presented as mean ± SEM unless otherwise stated.   
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4.3. Results 

4.3.1. Physiological and ventilation parameters 
Blood gas parameters before the initiation of injurious ventilation were not different between groups 

[Table 4.1]. Arterial blood gas parameters including pH, SaO2, partial pressure of oxygen (PaO2), and 

PaCO2 during injurious ventilation and up to delivery at 24 h post-ventilation have previously been 

reported and were not different between groups (Appendix III).189 Lamb characteristics, and body and 

brain weights recorded post-mortem were not different between groups [Table 4.1]. A mean ± SD of 

24.5 ± 5.0 million cells/kg was administered to lambs in the INJ+UCBC group at 1 h after the initiation 

of ventilation. 

Ventilation parameters including PIP, mean airway pressure, and VT during the 15 min injurious 

ventilation have previously been reported and were not different between groups (Appendix III).189 At 

15 min, mean ± SD VT achieved was 8.3 ± 1.7 ml/kg for INJ and 8.5 ± 1.5 ml/kg for INJ+UCBC 

(p=0.796).  

Table 4.1. Lamb characteristics and baseline arterial blood gas parameters. Lamb characteristics 

recorded at post-mortem examination and fetal arterial blood gas parameters recorded at the start of 

the experiment were not different between groups. Blood gas parameters were taken before any 

interventions (i.e. before sterile fetal surgery for all groups except UNOP before delivery). CONT is 

pooled from UNOP and SHAM. Data are presented as mean ± SD.  

 CONT INJ INJ+UCBC 

Group characteristics 

Number (n=) 12 7 7 
Gestational age (d) 126 ± 1 126 ± 1 126 ± 1 
Sex (% male) 75% 71.4% 57.1% 
Birth order 1st (n) 10 (83.3%) 7 (10%) 7 (100%) 
Body weight (kg) 3.4 ± 0.3 3.4 ± 0.5 3.4 ± 0.6 
Brain weight (g) 45.8 ± 2.5 46.3 ± 2.4 45.3 ± 3.2 

VT at 15 min (ml/kg) NA 8.3 ± 1.7 8.5 ± 1.5 

UCB cell dose (cells/kg) NA NA 24.5 ± 5.0 million 

Arterial blood gas parameters 

pH 7.27 ± 0.04 7.25 ± 0.05 7.27 ± 0.02 
PaCO2 (mmHg) 61.3 ± 10.2 57.3 ± 7.7 59.2 ± 4.3 
PaO2 (mmHg) 35.0 ± 13.1 43.2 ± 9.9 34.1 ± 3.5 
SaO2 (%) 33.9 ± 5.8 62.6 ± 11.9 49.0 ± 7.7 
PaCO2 partial pressure of carbon dioxide; PaO2 partial pressure of oxygen; SaO2 oxygen saturation, UCB 
umbilical cord blood; VT tidal volume. 
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4.3.2. UCB cell treatment increased systemic inflammation 
Plasma IL-6 level, expressed as a fold-change from baseline, was the highest at 6 h in INJ+UCBC lambs 

(5.3 ± 3.2-fold compared to baseline; p<0.05 compared to all other time points except 3 h), and was 

significantly higher than INJ (p=0.006) and CONT (p=0.007) lambs [Fig. 4.1A]. CONT consists only 

of SHAM animals as no plasma was collected from UNOP animals. 

Plasma IL-8 level, expressed as a fold-change from baseline, was the highest at 3 h in INJ+UCBC lambs 

(8.0 ± 4.2-fold compared to baseline; p<0.05 compared to all other time points), and was significantly 

higher than INJ (p<0.001) and CONT (p<0.001) lambs [Fig. 4.1B]. CONT consists only of SHAM 

animals as no plasma was collected from UNOP animals. 
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Figure 4.1. Plasma cytokine levels over 24 h. (A) IL-6 levels were not different over time in CONT 

(white) and INJ (blue). IL-6 levels in INJ+UCBC (brown) was highest at 6 h, and this was higher than 

CONT and INJ. (B) IL-8 levels were not different over time in CONT and INJ. IL-8 levels in 

INJ+UCBC was highest at 3 h, and this was higher than CONT and INJ. CONT consists only of 

SHAM animals as no plasma was collected from UNOP animals. Data are presented as mean ± SEM. 

*p<0.05
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4.3.3. Gene expression levels of inflammatory cytokines 
The mRNA expression of cytokines interleukin 1 beta (IL1B), interleukin 6 (IL6), interleukin 8 (IL8), 

interleukin 10 (IL10), tumour necrosis factor (TNF), C-C motif chemokine ligand 2 (CCL2), and 

transforming growth factor beta 1 (TGFB1)  were not different between INJ and INJ+UCBC lambs in 

the PVWM [Fig. 4.2A] and SCWM [Fig. 4.2B].  

Figure 4.2. Gene expression levels of inflammatory cytokines (IL1B, IL6, IL8, IL10, TNF, CCL2, 

and TGFB1) expressed as a fold change relative to INJ. No differences were observed between INJ (blue) 

and INJ+UCBC (brown) in the (A) PVWM and (B) SCWM. Data are presented as mean ± SEM. 
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4.3.4. UCB cell treatment increased microgliosis 
The total number of Iba-1 positive microglia was not different between groups in the PVWM (p=0.478). 

In the SCWM, INJ+UCBC lambs had increased total microglia count compared to CONT (p=0.003) 

and INJ (p=0.003; Fig. 4.3A). The percentage of amoeboid microglia was not different between groups 

in the PVWM (p=0.642) and SCWM (p=0.815; Fig. 4.3B).  

The number of microglial aggregations was not different between groups in the PVWM (p=0.940) and 

SCWM (p=0.099; data not shown). The percentage of white matter occupied by microglial 

aggregations was not different between groups in the PVWM (p=0.591). In the SCWM, INJ+UCBC 

lambs had an increased percentage white matter occupied by microglial aggregations compared to 

CONT (p=0.030) and INJ (p=0.030; Fig. 4.3C). The fractional coverage of microglia within 

aggregations was not different between groups in the PVWM (p=0.602). In the SCWM, INJ had 

decreased fraction coverage of microglia within aggregations compared to CONT (p=0.048) and 

INJ+UCBC (p=0.020; Fig. 4.3D).  
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Figure 4.3. Iba-1 immunoreactivity. (A) The total number of microglia was increased in INJ+UCBC 

(brown) compared to CONT (white) and INJ (blue) in the SCWM. (B) The percentage of amoeboid 

microglia was not different between groups in both the PVWM and SCWM. (C) The percentage of 

white matter area occupied by microglial aggregations was increased in INJ+UCBC compared to 

CONT and INJ in the SCWM. (D) The fraction coverage of microglia within aggregations was 

decreased in INJ compared to CONT and INJ+UCBC in the SCWM. Data are presented as mean ± 

SEM. *p<0.05 
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4.3.5. UCB cell treatment altered blood brain barrier integrity 
In the PVWM, mRNA expression of tight junction proteins occludin (OCLN) and claudin 1 (CLDN1) 

were not different between INJ and INJ+UCBC lambs. The mRNA expression of mediators of 

angiogenesis vascular endothelial growth factor A (VEGFA), VEGF receptor 1 (VEGFR1), 

angiopoietin 1 (ANGPT1), hypoxia-inducible factor 1 subunit alpha (HIF1A), and NADPH oxidase 2 

(NOX2) were not different between INJ and INJ+UCBC lambs [Fig. 4.4A].  

In the SCWM, mRNA expression of CLDN1 was decreased in INJ+UCBC compared to INJ lambs 

(p<0.001). mRNA expression of VEGFA was decreased (p=0.039) while expression of ANGPT1 was 

increased (p=0.046) in INJ+UCBC compared to INJ lambs. No other differences were observed [Fig. 

4.4B].  

The number of blood vessel profiles with protein extravasation was increased in INJ+UCBC compared 

to INJ (p=0.021) and CONT (p=0.021) in the PVWM. In the SCWM, the number of blood vessel 

profiles with protein extravasation was increased in INJ+UCBC compared to CONT (p=0.018) [Fig. 

4.5].  
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Figure 4.4. Gene expression levels of tight junction proteins (OCLN and CLDN1) and mediators of 

angiogenesis (VEGFA, VEGFR1, ANGPT1, HIF1A, and NOX2) expressed as a fold change relative to 

INJ. (A) No differences were observed between INJ (blue) and INJ+UCBC (brown) in the PVWM. (B) 

In the SCWM, INJ+UCBC had decreased CLDN1 and VEGFA expression and increased ANGPT1 

expression. Data are presented as mean ± SEM. *p<0.05 
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Figure 4.5. Sheep serum immunoreactivity. (A) Vascular protein extravasation was increased in 

INJ+UCBC (brown) compared to CONT (white) and INJ (blue) in the PVWM. In the SCWM, 

INJ+UCBC animals had more blood vessel profiles with protein extravasation than CONT animals. 

Representative images of sheep serum immunohistochemistry in (B) CONT, (C) INJ, and (D) 

INJ+UCBC. Arrow indicates intact vessels and arrowhead indicates a compromised vessel with protein 

extravasation, magnified in insert. Scale bar = 50µm. Data are presented as mean ± SEM. *p<0.05  
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4.3.6. UCB cell treatment reduced the number of oligodendrocytes 
The number of Olig2-positive cells was decreased in INJ+UCBC compared to INJ (p=0.008) and 

CONT (p=0.008) in the PVWM. The number of Olig2-positive cells was decreased in INJ+UCBC 

compared to INJ (p=0.017) and CONT (p=0.019) in the SCWM [Fig. 4.6].  

Figure 4.6. Olig2 immunoreactivity. (A) The number of Olig2-positive cells was decreased in 

INJ+UCBC compared to CONT (white) and INJ in both the PVWM and SCWM. Representative 

images of Olig2 immunohistochemistry in (B) CONT, (C) INJ, and (D) INJ+UCBC. Arrow indicates 

Olig2-positive cell. Scale bar = 50µm. Data are presented as mean ± SEM.  *p<0.05 
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4.3.7. Gene expression levels of markers of cell death 
The mRNA expression of markers of cell death tumour protein p53 (P53) and caspase 3 (CASP3) were 

not different between INJ and INJ+UCBC lambs in the PVWM and SCWM [Fig. 4.7]. 

Figure 4.7. Gene expression levels of markers of cell death (P53 and CASP3) expressed as a fold 

change relative to INJ. No differences were observed between INJ (blue) and INJ+UCBC (brown) in 

the (A) PVWM and (B) SCWM. Data are presented as mean ± SEM.   
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4.4. Discussion 
Preterm infants are susceptible to VIBI following delivery room resuscitation. UCB cells have been 

proposed as a potential therapy for neuroprotection due to their anti-inflammatory, anti-apoptotic, and 

growth-factor support properties.184,185,188,209–211 In this study, I aimed to examine whether UCB cells 

could prevent or reduce acute VIBI resultant from 15 min of injurious ventilation. I showed for the first 

time that administration of UCB cells 1 h after the initiation of injurious ventilation has potential 

adverse effects including increased systemic and cerebral inflammation, decreased BBB integrity, and 

decreased oligodendrocyte count in the cerebral white matter of preterm lambs when assessed at 24 h. 

This study aimed to determine whether the anti-inflammatory properties of UCB cells can protect the 

immature brain from VIBI caused by high VT ventilation. The UCB cells were administered 

intravenously to the fetus 1 h after ventilation onset; this early time point was chosen to try to interrupt 

the pathways of VIBI before brain injury progression. Specifically, studies found that pro-inflammatory 

cytokine mRNA levels of IL1B, IL6, and MCP1 (CCL2) in the lungs were upregulated by >20-fold 

compared to unventilated controls at 1 h after 15 min of injurious ventilation, and these increases were 

largely resolved by 6 h.212 Further, it has been observed that plasma pro-inflammatory cytokine levels 

(e.g. IL-1β, IL-8, TNF) are increased in late preterm infants after 2 h of ventilation.91 The 1 hour time 

point in this study aimed to dampen the peak of the inflammatory response within the lungs, before 

profound systemic inflammation. In this study, I chose to give ~25 million cells/kg intravenously to the 

fetus at 45 minutes after the cessation of ventilation. This treatment dose is based on previous studies 

where 50 million allogeneic UCB cells in fetal sheep (0.7 gestation; ~30 million cells/kg) and 100 

million autologous UCB cells in newborn lambs (0.97 gestation) reduced cerebral inflammation and 

cell death.184,188 Accordingly, a dose of 80 million UCB cells was selected for sheep at 0.85 gestation, 

targeting 25 million cells/kg based on historical post-mortem lamb weight data. The average dose 

delivered was 24.5 ± 5.0 million cells/kg, with a range of 18.8-32.7 million cells/kg. Within this range, 

linear regression analysis showed no correlation between dose and brain injury outcomes.   

Unfortunately, as explained in Chapter 3, I was not able to achieve sufficiently high VT to induce VIBI, 

and therefore could not appropriately address the aim of this study. Interestingly, what my results do 

show is that measures of brain inflammation and injury were increased in the UCB cells-treated group. 

Importantly, all baseline and ventilation parameters of the INJ and INJ+UCBC groups were not 

different, meaning the brain injury that I have observed is unlikely due to animals in the UCB cells-

treated group receiving more injurious ventilation. Moreover, fetuses in both groups remained in utero 

during the 24 h to remove the need for ongoing intensive care, and hence potential confounders to brain 

injury. Although animals in the INJ group did not receive a vehicle infusion, it is unlikely that the 
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infusion volume (<1% blood volume by weight) evoked a haemodynamic or physiological response that 

contributed to the additional inflammation and injury observed in the UCB cells-treated animals. We 

have shown previously that the lungs of animals in both groups were injured after ventilation and that 

UCB cells did not reduce lung injury but did not adversely affect lung tissue either (Appendix III).189  

Neuroinflammation is a key mediator of preterm brain injury and VIBI. Neuroinflammation following 

UCB cells was histologically evident as increased microglia counts and denser microglial aggregations 

in the SCWM of INJ+UCBC animals. Microglia are the resident immune cells of the central nervous 

system (CNS). Besides playing an important physiological role in development, microglia help to 

modulate the microenvironment.38 An increase in microglia activity may be indicative of ongoing 

inflammation or itself contribute to inflammation.38 Furthermore, in vitro studies suggest that microglia 

activation may be related to BBB disruption.40  

Compromised cerebral vasculature and BBB integrity are important contributors to preterm brain injury 

and VIBI. Disruption of vascular integrity can manifest as haemorrhagic injury while increased BBB 

permeability renders the immature brain vulnerable to infiltration of systemic inflammatory cytokines 

and leukocytes which may promote a localised cerebral inflammatory response.125 The mRNA 

expression of CLDN1, a key tight junction protein, was decreased in the SCWM in the INJ+UCBC 

compared to the INJ group. This could be an indicator of decreased BBB permeability56 although I have 

not looked at CLDN1 protein levels to confirm this. Histologically, the number of blood vessel profiles 

with protein extravasation were increased in both the PVWM and SCWM of INJ+UCBC animals. 

Protein extravasation is an indication of compromised vessel integrity and the presence of serum 

albumin, which usually cannot cross the BBB into tissue because of its size, can elicit inflammation by 

activating microglia.213 Additionally, there was an increase in pro-angiogenic factor ANGPT1 and a 

decrease in VEGFA mRNA levels in the SCWM. An increase in ANGPT1 production by pericytes 

and astrocytes of the neurovascular unit has been associated with heightening BBB integrity.40 UCB 

cells have been shown to increase VEGFA gene expression but not protein expression in the cortex of 

adult rats after stroke.214 It is unclear why I have observed a decrease in VEGFA gene expression and if 

this preceded vascular protein extravasation or was in response to it.  

I assessed the total number of oligodendrocytes using the pan-oligodendrocyte marker Olig2 and found 

that the number of oligodendrocytes was lower in both the PVWM and SCWM in the INJ+UCBC 

group compared to INJ. This contrasts with previous studies where UCB cells prevented the loss of 

oligodendrocytes in preterm lambs after hypoxic-ischaemic injury.185,188 I suspect that the 

oligodendrocyte progenitor cells and pre-oligodendrocytes rather than mature and myelinating 

oligodendrocytes are affected in our study as preliminary myelin basic protein (MBP) analysis has found 
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no differences between groups (data not shown; PVWM p=0.951; SCWM p=0.726) – this is an 

important focus for future investigations. MBP is a major constituent of myelin sheaths and is 

specifically expressed in mature and myelinating oligodendrocytes in the CNS. Attempts to further 

characterise the maturational progression of oligodendrocytes with oligodendrocyte markers O1 and 

O4 were unsuccessful but should be explored in future studies. Additionally, while gene expression 

levels of markers of cell death were not different between groups, I have not examined apoptosis or cell 

death histologically and thus cannot speculate if that is a reason for the decrease in oligodendrocytes. 

Nevertheless, reduced oligodendrocytes may reflect or result in alterations in myelination, which is the 

underlying cause of white matter injury seen in premature infants.10    

I did not label the UCB cells in this study and hence could not trace if they entered the brain 

parenchyma. UCB cells have previously been shown to be present in low numbers in the brain after 

intravenous administration in preterm188 and near-term184 lambs. Within the CNS, UCB cells can exert 

direct effects on the brain although cell engraftment is not necessary to mediate protective effects.186,187 

Trophic factors (e.g. glial cell line-derived neurotrophic factor [GDNF] and brain-derived neurotrophic 

factor [BDNF]) secreted by certain cell types within UCB can cross the BBB to also directly affect the 

brain.187 However, studies suggest that the main effects of UCB cells are in the periphery, where they 

modulate systemic inflammation.171,187 Hence, I wondered if the increased markers of cerebral injury 

observed were mediated by changes in systemic inflammation.  

I investigated the systemic inflammatory profile by measuring plasma IL-6 and IL-8 levels, for which 

an upregulation is associated with preterm brain injury.42 I initially expected that circulating levels of 

IL-6 and IL-8 would be increased in response to high VT ventilation and that UCB cells would decrease 

levels of these pro-inflammatory cytokines, given the variety of anti-inflammatory cells present within 

UCB. However, in my model, injurious ventilation alone did not increase systemic inflammation 

(detailed in Chapter 3), and so it was unexpected to observe an increase in IL-6 and IL-8 levels 

following early UCB cells administration. Previous studies have found that allogeneic UCB cell therapy 

12 h after hypoxia-ischaemia in preterm-equivalent fetal sheep did not change circulating IL-6 levels at 

12 h188 and autologous UCB cell therapy 12 h after birth asphyxia in near-term sheep did not change 

circulating IL-6 levels at 15 min, 12 h, 24 h, and 36 h after cell administration.184 My results are 

comparable in that at the closest similar time points assessed (11 h and 23 h after UCB cells), IL-6 was 

at baseline levels. My results suggest that IL-6 levels have returned to baseline levels by 12 h after 

increasing prior. Indeed, the current study provides new information of IL-6 levels at time points prior 

to 12 h, when systemic inflammation appears to be affected by UCB cell administration. I also assessed 

IL-8 levels and found a similar pattern – IL-8 levels were increased after UCB cells administration but 
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returned to baseline levels by 12 h. Given the periodic nature of my blood sampling, I do not know the 

peak timing of pro-inflammatory cytokine increase or if cytokine levels increased beyond what I have 

assayed in the time in between measurements. It is important to note that there are key differences 

between the studies: experimental insult (asphyxia vs VIBI) and, more importantly, the timing of UCB 

cells administration (12 h vs 1 h post-insult).184 Regardless, that UCB cell administration following 

injurious ventilation can increase systemic IL-6 and IL-8 within hours is concerning and requires 

follow-up investigations.  

There is no obvious upstream inflammatory event to account for the elevated systemic inflammation 

since pulmonary inflammation and injury was not increased in INJ+UCBC compared to INJ animals 

when assessed at 24 h (Appendix III).189 The UCB cells likely acted at a systemic level, and so the 

environment that I have introduced the cells to becomes an important consideration in trying to 

understand why they have behaved this way. Given that INJ animals had increased lung inflammation 

and injury189 but not increased systemic IL-6 and IL-8 compared to CONT animals, it remains 

unknown if my ventilation strategy caused systemic inflammation not detected by indices I measured 

or if it simply did not cause systemic inflammation as intended. Accordingly, there are two possibilities 

to the environment I have introduced the UCB cells to: 1) an undetected mild pro-inflammatory 

environment or 2) an apparent ‘healthy’ low- or non-inflammatory environment.  

In the first scenario, I speculate that introducing UCB cells in a subclinical inflammatory environment 

promoted them to take on a pro-inflammatory phenotype, leading to increased systemic IL-6 and IL-

8 levels. The concept has been demonstrated previously given that MSCs can polarise to a pro-

inflammatory phenotype when exposed to an established inflammatory environment.215,216 However, 

term UCB has been found to contain fewer MSCs than preterm UCB samples, and MSCs are 

completely absent in 10-30% of human term UCB samples.171,178 It is likely that the term UCB cells 

administered in my study had almost no MSCs. However, even if MSCs were present, their pro-

inflammatory activities, such as IL-6 production, have also been suggested to be beneficial in the early 

phase of inflammation by directing monocytes and macrophages towards anti-inflammatory 

phenotypes.215 Therefore, it is difficult to infer what elevated plasma IL-6 in my study means, although 

combined with the increased brain injury observed, it is reasonable to postulate that it is detrimental.  

In the second scenario, perhaps the introduction of UCB cells has elicited an inflammatory response 

independent of the actions of the cells. In this study, I administered allogenic UCB cells from near-

term sheep and did not assess any cardiovascular parameters in the period after UCB administration. 

Previous studies have found that autologous UCB cell administration in asphyxic term lambs did not 

alter mean arterial pressure,184 but allogeneic term UCB cell therapy in preterm fetal sheep with hypoxic-
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ischaemic injury caused a transient systemic physiological response reflected by elevated mean arterial 

pressure for 24 h.185 Given the differences in study designs (source of UCB cells, dose, injury model, 

fetal or postnatal model, gestational age), more research is required to understand the potential 

cardiovascular effects of administering UCB cells. Additionally, while I have interpreted the increase in 

systemic cytokine levels as a potentially adverse upstream event that led to the brain injury observed, 

increased IL-8 12 days after allogeneic UCB cell treatment has in fact been associated with improved 

motor function at 6-months post-treatment in children with cerebral palsy.217 It has further been 

suggested that one of the mechanisms underlying the efficacy of UCB cells involves innate immune 

responses and microglia recruitment.217 Longer assessments of the impact of the UCB cells are required 

to determine whether the acute changes I observed were injurious or beneficial.  

Importantly, UCB contains a heterogenous population of cells. I do not know the proportion of the 

major cell types (monocyte-derived suppressor cells, regulatory T cells, MSCs, endothelial progenitor 

cells, and haematopoietic stem cells) administered in the current study. How each subset interacts with 

mechanical ventilation is poorly understood and it is possible that the detrimental effects observed here 

are attributed to specific cell types, such as MSCs as mentioned above. It is hence premature to dismiss 

the efficacy of all cell types within UCB, but certainly caution should be taken in using the whole 

mononuclear fraction of UCB in similar contexts as that in this study.  

Altogether, my findings indicate that introducing UCB cells 1 h post-ventilation has detrimental 

cerebral effects in fetal sheep. Early administration of UCB cells in conjunction with mechanical 

ventilation should be avoided until we better understand the interactions of UCB cells and the 

environment they are put into. I administered UCB cells 1 h post-ventilation with the aim to interrupt 

the progression of VIBI and prevent or reduce injury manifestation. Previous studies have found that 

earlier administration of UCB cells at 12 h compared to 5 days post-insult was more efficacious188 and 

a delay in peripheral trophic factors entering the brain parenchyma diminishes the neuroprotective 

capacity of UCB cells.187 My findings suggest that, in the context of VIBI, earlier may not necessarily 

be better. Perhaps UCB cells may be efficacious when administered at a later time point as a reparative 

therapy. This may be the focus of future studies.  

4.5. Conclusion 
My aim was to investigate the efficacy of UCB cells to reduce VIBI. I demonstrated that a single 

prophylactic systemic dose of UCB cells caused inflammation and brain injury in white matter regions 

of preterm ventilated sheep, even in the background of no overt injury caused by the ventilation strategy. 

While the dose and timing of administration, mechanisms of action of UCB cells, and their interaction 
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with ventilation require further clarification, I discourage the use of UCB cells immediately after birth, 

as administered in our study. 
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Chapter Five: VIBI From Prolonged Ventilation 

A future direction from Chapter 3 is to revisit the contribution of prolonged ventilation on cerebral 

white matter injury as it may play a larger role in ventilation-induced brain injury (VIBI) than previously 

presumed. However, there are limited approaches to isolate the effects of prolonged ventilation, and 

preclinical experimental set-ups designed to overcome this have so far focussed on physiology and lung 

mechanics and injury. Therefore, in this chapter, I sought to examine the effects of 24 h of ongoing 

ventilation on the cerebral white matter of preterm-equivalent fetal sheep and to determine if an in utero 

ventilation sheep model is suitable to study chronic VIBI.  

5.1. Introduction 
The majority of very and extremely preterm infants require long periods of respiratory support in the 

days after birth while in the neonatal intensive care unit (NICU).61,64,73 Assisted ventilation is relatively 

well-controlled in the NICU and ventilatory parameters are less likely to be injurious compared to the 

initiation of ventilation in the delivery room101 as explored in Chapters 3 and 4. In contrast, ventilation 

in the NICU tends to be for a much longer duration, with preterm infants receiving an average of 1.0-

17.7 days of assisted ventilation, depending in part on the gestational age (GA) at birth.64,73,74 The 

prolonged need for intubation and mechanical ventilation has been associated with increased brain 

injury and impairments,60,62,75,105 for which there are no effective treatments. These include increased 

risks of periventricular leukomalacia, diffuse cerebral white and grey matter lesions, cerebral palsy, and 

attention deficit hyperactivity disorder.60–62,73,75,98,105,107 Limiting the duration of mechanical ventilation 

to reduce complications is not always feasible with very and extremely preterm infants, hence there is a 

real need to understand the aetiology of VIBI in this setting to aid development of therapeutic 

interventions. However, it is challenging to isolate the effects of prolonged ventilation in clinical studies 

and most preclinical models currently used. For example, chronic ventilation ex utero (after delivery) is 

accompanied by many interventions required to ensure the very preterm infant or lamb is kept alive, 

and these may confound an isolated study on VIBI. The novel in utero ventilation (IUV) sheep model 

might be able to address this problem. 

The IUV sheep model has been used to study the effects of prolonged ventilation on the immature 

lungs.165,218,219 This model has significant advantages compared to conventional neonatal ventilation 

animal models, most notably that the effect of the duration of ventilation can be studied in isolation.218 

While long-term postnatal studies encompass all aspects of NICU management and play important 
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roles in translational research, they are less informative for investigating the contribution of specific 

variables because any outcomes assessed are influenced by accompanying interventions. Indeed, the 

requirement for analgesia and anaesthetics102–104, inotropes,220–222 and oxygenation105 may be confounders 

to brain injury. Thus, the benefit of the IUV model is that the fetus is supported by the placenta for 

oxygen and nutrition218 and does not require anaesthetics for ethical welllbeing223 so that the effects of 

ventilation can be studied independently.  

The other major advantage of the IUV model is that we can study animals at a stage of brain 

development more closely resembling that of very and extremely preterm human infants. Postnatal 

studies have been limited by the preterm animal’s lung function – in sheep, fetal lungs at 110 days GA 

are in the mid-late canalicular to saccular stage of development, are relatively surfactant-deficient, and 

are developmentally similar to that of a 22-26 week human infant.224,225 Fetal ovine lungs can conduct 

gas exchange from about 117 days GA, though not efficiently,224,225 and lambs at 125 days GA have 

more commonly been used in preterm experiments. At 125 days GA, the ovine lung is in the late 

saccular to alveolar stage of development, in the early stage of surfactant production, and lung 

development at this stage is comparable to that of a 26-28 week human infant.224,225 In sheep, brain 

development is more advanced in late gestation than the lungs, relative to humans. Thus, in most 

postnatal preterm sheep studies, white matter development is in fact more comparable to that of a late 

preterm or term human infant.203,204 With IUV, because the fetus remains on placental support for gas 

exchange, fetuses of younger GA where lung function is inadequate to support life ex utero can be used. 

It is therefore possible to study animals at a stage of brain development more closely resembling that of 

very and extremely preterm human infants. Despite these strengths of the IUV model, its relevance to 

investigate VIBI has not been reported. 

I aimed to characterise the effects of IUV on the immature brain. I hypothesised that ventilating fetal 

sheep at 110 days GA (0.75 gestation), equivalent to 30-35 weeks human white matter brain 

development, 203,204 in utero for 24 h using a strategy that causes ventilation-induced lung injury would 

result in an increase in systemic and cerebral inflammation, compromise the blood-brain barrier 

integrity, and alter cell types within cerebral white matter. 

5.2. Methods 
The detailed experimental methodology used in this study is provided in Chapter 2. Below is a concise 

overview. Experimental procedures were approved by the Monash Medical Centre Animal Ethics 

Committee A, Monash University, and were conducted in accordance with guidelines established by 

the National Health and Medical Research Council of Australia.  
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Animals were randomised to one of two groups: 

1) Sham control (CONT; n=10): Fetuses underwent fetal surgery, were instrumented, but did not 

receive ventilation.  

2) In utero ventilation (VENT; n=9): Fetuses received 24 h of ventilation whilst in utero.  

5.2.1. Instrumentation 
Pregnant ewes underwent aseptic surgery at 110 ± 1 days gestation (mean ± SD; term ~148 days). 

During surgery, the head and neck of the fetus were exteriorised via a midline laparotomy for 

instrumentation. A tracheostomy was performed on the fetus to secure a modified reinforced 

endotracheal tube (ID 4.0 mm; Medtronic, MN, USA) in the lower trachea and connected to a saline-

filled large-bore ventilation tube (ID 6.4 mm, OD 12.7 mm). A separate saline-filled catheter (ID 3.2 

mm, OD 6.4 mm) was inserted into the upper trachea and connected to the ventilation tube externally 

to create an exteriorised tracheal loop which allowed normal flow of lung liquid.165,226 Heparinised 

polyvinyl catheters were inserted in the left carotid artery and jugular vein (ID 0.86 mm, OD 1.52 mm; 

Dural Plastics & Engineering, NSW, Australia) and in the amniotic sac (ID 2.6 mm, OD 4.2 mm). 

All catheters and the tracheal loop were externalised through the ewe’s flank via a small incision. The 

fetus remained in utero and the ewe abdomen was sutured closed. Ewes and fetuses were allowed 24-

48 h to recover after surgery.  

5.2.2. Ventilation strategy and blood gas sampling 
At 112 ± 1 days gestation, the ventilation tube was disconnected, lung liquid was passively drained, and 

the tube was connected to a neonatal ventilator (Babylog 8000+, Dräger, Lübeck, Germany). Fetuses 

were ventilated with room air for 24 h using a maximum peak inspiratory pressure (PIP) of 45 cmH2O, 

positive end-expiratory pressure of 5 cmH2O, inspiratory flow of 10 l/min, and rate of 60 inflations/min, 

in reference to previous IUV studies that induced ventilation-induced lung injury.165,218,219 Sustained 

inflations at 35 cmH2O for 5 s duration were applied to recruit the lung if necessary. Tidal volume (VT) 

was monitored to avoid exceeding 5 ml/kg and overinflating the lungs. Fetal arterial blood was sampled 

regularly throughout the 24 h to assess fetal wellbeing and plasma was collected at specific time points 

for cytokine analysis (before ventilation [PRE], 15 min, 1 h, 3 h, 6 h, 9 h, 12 h, and 24 h after the 

commencement of ventilation).  

5.2.3. Brain collection 
At 24 h from the initiation of ventilation, ewes and fetuses were euthanised (sodium 

pentobarbitone >100 mg i.v.; Valabarb Euthanasia Solution; Jurox, NSW, Australia). The fetus was 
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removed from the ewe at autopsy, the fetal brain was removed from the skull, and the cerebrum was 

halved along the medial longitudinal fissure. The periventricular and subcortical white matter (PVWM; 

SCWM) were dissected from the left cerebral hemisphere and snap-frozen in liquid nitrogen. The right 

cerebral hemisphere was immersion fixed in 10% neutral buffered formalin (NBF; Amber Scientific, 

WA, Australia) overnight. The right hemisphere was then cut coronally into 5 mm blocks (8-9 

blocks/animal), post-fixed in 10% NBF for 6 days, processed, and embedded in paraffin. Serial sections 

(8 µm) were cut from one block each at the level of frontal, parietal, and temporal lobes for histological 

and immunohistochemical analysis.  

5.2.4. Histological staining and analysis 
Coronal sections from comparable sites of the frontal and parietal lobes (2 slides/animal) were stained 

with haematoxylin (Harris haematoxylin; Amber Scientific, WA, Australia) and eosin (Eosin 1% 

aqueous solution; Amber Scientific) to examine gross neuropathology. Sections were viewed under the 

microscope (BX-41 Laboratory Microscope, Olympus Corporation, Tokyo, Japan) and scored 

according to the presence of cystic lesions/parenchymal damage, compromised vessel integrity, and 

hypercellularity in the PVWM and SCWM and disrupted cytoarchitecture in the cortex. Each category 

was scored on a scale of 0-2 based on severity and a mean of all categories was calculated as a final score 

for each section. A mean of all lobes was calculated for each animal and then collectively averaged for 

each experimental group. Slides were coded and the observer (KC) was blinded to the experimental 

groups.  

5.2.5. Immunohistochemistry 
Coronal sections from comparable sites of the frontal, parietal, and temporal lobes (3 slides/animal) 

were stained with rabbit anti-ionised calcium binding adapter molecule-1 (Iba-1; 1:1500, Wako Pure 

Chemical Industries, Osaka, Japan) to identify microglia, rabbit anti-sheep serum (1:1000, Sigma-

Aldrich, MO, USA) to identify vascular extravasation of protein, and mouse anti-oligodendrocyte 

transcription factor-2 (Olig2; 1:1000, Merck, Darmstadt, Germany) for oligodendrocytes. Prior to 

incubation with anti-Iba-1 and anti-Olig2, sections were pre-treated with citrate buffer (pH 6.0) in a 

microwave oven. Sections were incubated with secondary antibody biotinylated goat anti-rabbit or goat 

anti-mouse immunoglobulin G (IgG; 1:200; Vector Laboratories, CA, USA) and reacted using the 

Vectastain Elite ABC Kit (Vector Laboratories). Staining was absent when the primary antibody was 

omitted. Sections reacted with anti-sheep serum were counterstained with 20% haematoxylin (Harris 

haematoxylin, Amber Scientific).  
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5.2.6. Quantitative immunohistochemical analysis 
Analyses were conducted at equivalent sites within the cerebral white matter of sections from the frontal, 

parietal, and temporal lobes of each lamb. Non-overlapping fields of view in the PVWM were taken 

medial to lateral from the ventricle, and fields in the SCWM were obtained from alternating gyri 

starting from the second gyrus closest to the midline. Slides were coded and the observer (KC) was 

blinded to the experimental groups. 

The proportion of PVWM and SCWM occupied by Iba-1-positive microglial aggregations was 

assessed using ImageScope (Aperio Technologies, CA, USA); individual aggregation areas were 

summed then divided by the total area of PVWM or SCWM of the section, data expressed as a 

percentage. The fraction areal coverage (%) of Iba-1 immunoreactivity within an aggregation was 

assessed using a set intensity threshold (FIJI; ImageJ, NIH Image, MD, USA).  

Areal density (cells/mm2) of Iba-1-positive microglia was quantified in 3 non-overlapping fields in the 

PVWM and 6 non-overlapping fields in the SCWM from 2 separate gyri, avoiding microglial 

aggregations, using ImageScope (Aperio Technologies). Microglia were distinguished based on 

morphology (ramified microglia were characterised by long cellular processes while amoeboid microglia 

by round, densely stained soma with resorbed processes).195  

Areal density (cells/mm2) of Olig2-positive oligodendrocyte was quantified in 3 non-overlapping fields 

in the PVWM and 6 non-overlapping fields in the SCWM from 2 separate gyri, using FIJI (ImageJ). 

Blood vessel profiles with protein extravasation were quantified and expressed as total number of vessel 

profiles with protein extravasation within the PVWM and SCWM. For all indices, a mean of all lobes 

was calculated for each animal and then collectively averaged for each experimental group.  

5.2.7. Plasma protein analysis 
Arterial blood was collected via the fetal carotid artery catheter before ventilation (PRE), and at 15 min, 

1 h, 3 h, 6 h, 9 h, 12 h, and 24 h after the initiation of ventilation. Plasma proteins (IL-6 and IL-8) 

were quantified using a sandwich enzyme-linked immunosorbent assay (ELISA). 96-well flat-bottom 

plates (Nunc MaxiSorp; Invitrogen, Thermo Fisher Scientific, USA) were coated with mouse anti-

ovine IL-6 (1:200, Bio-Rad Laboratories, CA, USA) or mouse anti-ovine IL-8 (1:1000, Bio-Rad) 

antibodies and incubated overnight at 4oC. The next day, plasma samples were diluted with an equal 

part of diluting buffer (PBS, 0.1% BSA, 0.05% Tween 20) and incubated in duplicates in the 96-well 

plates for 1 h at room temperature. After washing, the plates were incubated with respective detecting 

antibodies (rabbit anti-ovine IL-6, 1:200, Bio-Rad; rabbit anti-ovine IL-8, 1:4000, Bio-Rad) for 1 h at 

room temperature, washed, then incubated with HRP-conjugated swine anti-rabbit Ig (1:2000, DAKO, 
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CA, USA) for 1 h at room temperature. After further washing, plates were developed with 3.3’, 5.5’-

tetramethylbenzidine (TMB chromogen solution; Invitrogen, CA, USA) for 20 min in the dark at room 

temperature. Reactions were stopped with the addition of 0.5M H2SO4. The plates were read on a 

SpectraMax i3 microplate reader (Molecular Devices, CA, USA) at 450 nm to determine optical density. 

Standards (recombinant ovine IL-6 or IL-8; Kingfisher Biotech, MN, USA) were included and a 

standard curve was generated for every ELISA plate used (R2>0.99 for all).  

5.2.8. Statistical analysis 
Cohort characteristics were compared using an independent T-test (Graphpad Prism 8.1.2; GraphPad 

Software, CA, USA). Blood gas parameters and ELISA data were compared using two-way repeated 

measures analysis of variance (ANOVA) with Holm-Sidak post hoc comparison (SigmaPlot; Systat 

Software Inc., CA, USA). All immunohistochemical data were compared using an independent T-test 

(Graphpad Prism 8.1.2). Statistical significance was accepted at p<0.05. Baseline physiological data are 

presented as mean ± SD to convey variability in the study cohort. All other data are presented as mean 

± SEM unless otherwise stated.   
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5.3. Results 

5.3.1. Lamb characteristics, ventilation parameters, and arterial blood gas 

parameters 
Lamb characteristics, including body and brain weights, recorded post-mortem were not different 

between groups [Table 5.1]. We noted that there were more animals with a subdural haemorrhage at 

post-mortem in VENT compared to CONT lambs but this did not reach statistical significance (33% 

vs 10%; p=0.303). Lambs in the VENT group received 21.9 ± 4.7 h (mean ± SD) of ventilation with a 

VT of 2.36 ± 0.78 ml/kg (mean ± SD). 

Baseline blood gas parameters were not different between groups [Table 5.1].  The partial pressure of 

oxygen (PaO2), oxygen saturation level (SaO2), partial pressure of carbon dioxide (PaCO2), and pH 

changed with time over the 24 h IUV period. PaO2 and SaO2 were not different between groups at any 

assessed time point [Fig. 5.1A, B]. PaCO2 was higher in VENT than CONT animals at 45 min 

(p=0.031; Fig. 5.1C) and pH was lower in VENT than CONT animals at 30 min (p=0.047; Fig. 5.1D). 

No other differences were observed.  

Table 5.1. Lamb characteristics and baseline arterial blood gas parameters. Group characteristics 

recorded at post-mortem examination were not different between CONT and VENT animals. Baseline 

arterial blood gas measurements obtained before the commencement were not different between groups. 

Data are expressed as mean ± SD.  

 CONT VENT 

Group characteristics 

Number (n=) 10 9 
Gestational age (d) 113 ± 0 113 ± 1 
Sex (% male) 50% 55.6% 
Body weight (kg) 2.5 ± 0.4 2.4 ± 0.4 
Brain weight (g) 35.5 ± 2.9 34.4 ± 1.5 
Subdural haemorrhage (% yes) 10% 33.3% 
Volume of lung liquid drained (ml) N/A 102 ± 13 
Duration of ventilation (h) N/A 21.9 ± 4.7 

Arterial blood gas parameters 

pH 7.39 ± 0.01 7.40 ± 0.03 
PaCO2 (mmHg) 48.6 ± 2.5 48.7 ± 2.4 
PaO2 (mmHg) 21.8 ± 1.4 21.5 ± 2.6 
SaO2 (%) 67.7 ± 5.7 67.4 ± 7.3 
PaCO2 partial pressure of carbon dioxide; PaO2 partial pressure of oxygen; SaO2 oxygen saturation. 
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Figure 5.1. Arterial blood gas parameters during 24 h IUV. The (A) partial pressure of oxygen (PaO2) 

and (B) oxygen saturation level (SaO2) were not different between CONT (open circle) and VENT 

(filled circle) before (Pre) and at specified time points after the commencement of ventilation. (C) 

Partial pressure of carbon dioxide (PaCO2) was higher in VENT than CONT animals at 45 min; no 

other differences were observed. (D) pH was lower in VENT than CONT animals at 30 min; no other 

differences were observed. Data presented as mean ± SD. *p<0.05 between groups. 
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5.3.2. Plasma and CSF cytokine levels 
Plasma IL-6 levels did not change in CONT animals [Fig. 5.2A]. In the VENT group, IL-6 levels 

increased at 6 h (1.8 ± 0.4-fold) and 9 h (1.8 ± 0.3-fold) relative to baseline, 15 min, and 24 h levels 

(p<0.05 for all, Fig. 5.2A). Plasma IL-6 levels were higher in VENT than CONT at 6 h (p<0.001), 9 

h (p<0.001), and 12 h (p=0.045). 

Plasma IL-8 levels did not change in CONT animals [Fig. 5.2B]. In the VENT group, IL-8 levels 

increased at 24 h (5.4 ± 2.0-fold) relative to all other time points (p<0.05 for all). Plasma IL-8 level was 

higher in VENT than CONT at 24 h (p<0.001).  

Cerebrospinal fluid (CSF) IL-6 and IL-8 levels were not different between groups (IL-6 p=0.229; IL-

8 p=0.221; Fig. 5.3).  

  



Chapter Five: VIBI from Prolonged Ventilation 

113 
 

Figure 5.2. Plasma cytokine levels during 24 h IUV. (A) Plasma IL-6 levels remained unchanged in 

CONT (open circle) over 24 h and was increased in VENT (filled circle) at 6 h, 9 h, and 12 h. (B) 

Plasma IL-8 levels remained unchanged in CONT and was increased in VENT at 24 h. Data presented 

as mean ± SEM. *p<0.05 between groups. 
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Figure 5.3. Cerebrospinal fluid (CSF) cytokine levels after 24 h IUV. The concentrations of (A) IL-

6 and (B) IL-8 in CSF were not different between CONT (open circle) and VENT (filled circle). Data 

presented as mean ± SEM. 
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5.3.3. Assessment of gross neuropathology 
Injury scores reflecting parenchymal damage and cystic lesions, compromised vessel integrity, 

hypercellularity, and disrupted cortex cytoarchitecture were not different between groups [Table 5.2].  

Table 5.2. Haematoxylin and eosin analysis.  Brain sections were scored from 0 (absent pathology) to 

2 (severe pathology) for parenchymal damage, compromised vessel integrity, hypercellularity, and 

disrupted cortex cytoarchitecture. The individual scores per category and overall injury scores were not 

different between groups, p-values as indicated. Data are expressed as mean ± SEM.  

  CONT (n=10) VENT (n=9)  

Parenchymal damage/Cystic lesions 0.05 ± 0.05 0.05 ± 0.05 p=0.941 

Compromised vessel integrity 0.40 ± 0.15 0.56 ± 0.15 p=0.471 

Hypercellularity 0.20 ± 0.08 0.28 ± 0.09 p=0.525 

Disrupted cortex cytoarchitecture 0.30 ± 0.15 0.11 ± 0.11 p=0.341 

Overall score 0.24 ± 0.06 0.25 ± 0.07 p=0.895 

Score: 0 = absent, 1 = mild, 2 = severe 

 

5.3.4. Iba-1 positive microglia in the PVWM and SCWM 
The number of Iba-1-positive aggregations was not different between groups in the PVWM (p=0.951) 

and SCWM (p=0.181). The area occupied by these aggregations within the PVWM and SCWM was 

not different between groups (p=0.457; p=0.475; Fig. 5.4A). The areal density of microglia within these 

aggregations was higher in CONT than VENT in the SCWM (p=0.036); no differences were observed 

in the PVWM (p=0.543; Fig. 5.4B).  

The total number of Iba-1-positive microglia was not different between groups in the PVWM (p=0.896) 

and SCWM (p=0.380; Fig. 5.4C). The areal densities of ramified and amoeboid microglia were not 

different between groups in the PVWM (ramified p=0.670; amoeboid p=0.218) and SCWM (ramified 

p=0.404; amoeboid p=0.521). The percentage of amoeboid microglia was not different between groups 

in both the PVWM (p=0.172) and SCWM (p=0.714; Fig. 5.4D).  
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Figure 5.4. Iba-1 positive microglia in the PVWM and SCWM after 24 h IUV. (A) Percentage area 

occupied by microglia aggregations, (B) fraction coverage within microglial aggregations, (C) total 

number of microglia, and (D) percentage of amoeboid microglia. Percentage area, total number of 

microglia, and percentage amoeboid microglia were not different between CONT (white) and VENT 

(grey) in the PVWM and SCWM. The fraction coverage within microglial aggregations was higher in 

CONT than VENT in the SCWM. Data presented as mean ± SEM. *p<0.05 
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5.3.5. Sheep serum immunoreactivity in the PVWM and SCWM 
The number of blood vessel profiles with protein extravasation was not different between groups in the 

PVWM (p=0.282) and SCWM (p=0.366; Fig. 5.5A). 

Figure 5.5. Sheep serum immunoreactivity in the PVWM and SCWM after 24 h IUV. (A) The 

number of blood vessel profiles with protein extravasation, indicative of compromised blood-brain 

barrier integrity, were not different between CONT (white) and VENT (grey) in the PVWM and 

SCWM. (B-C) Representative images, arrows indicate protein extravasation. Scale bar = 50 µm. Data 

presented as mean ± SEM.  
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5.3.6. Olig2-positive oligodendrocytes in the PVWM and SCWM 
The areal density of olig2-positive cells was not different between groups in the PVWM (p=0.302) and 

SCWM (p=0.367; Fig 5.6A). 

Figure 5.6. Olig2-positive oligodendrocytes in the PVWM and SCWM after 24 h IUV. (A) The 

areal densities of olig2-positive oligodendrocyte lineage cells were not different between CONT (white) 

and VENT (grey) in the PVWM and SCWM. (B-C) Representative images, arrows indicate Olig2-

positive cells. Scale bar = 50 µm. Data presented as mean ± SEM.  
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5.4. Discussion 
Adverse neurodevelopmental outcome remains a significant burden on our preterm population. While 

the causes of preterm brain injury are complex, multifactorial, and likely contributed by both antenatal 

and postnatal compromise, there is a dearth of information on the contribution of prolonged ventilation, 

which many preterm infants require. In this study, I aimed to establish whether 24 h of standard 

ventilation (non-injurious) results in white matter brain injury. The ventilation was undertaken with 

fetal sheep remaining in utero to enable me to isolate the effects of ventilation and determine if the IUV 

model might be suitable for future chronic VIBI investigations.  

For 24 h, fetal sheep supported by the placenta in utero were ventilated with a strategy which is not 

deliberately injurious (i.e. no excessive VT or pressure) but which inevitably causes damage to the 

immature lungs.218 The IUV fetal sheep model has previously been shown to induce ventilation-induced 

lung injury including bronchopulmonary dysplasia (BPD)-like changes in lung morphology,165,218,219 but 

whether this causes brain injury has never been examined. I hypothesised that given the presence of 

lung inflammation and injury in these studies,165,218,219 the immature brain would also be adversely 

affected by prolonged ventilation. I found that, in the presence of normal blood gases and physiology, 

prolonged ventilation transiently increased systemic inflammation but did not result in overt brain injury. 

This is the first study to examine brain histology in fetal sheep ventilated in utero at this GA, where 

brain development approximately corresponds to that of a very preterm human infant in terms of white 

matter development (~30-35 weeks).203,204  

My findings that fetal blood gas levels were not altered by ventilation is consistent with previous studies 

and reflect that minimal pulmonary gas exchange is occurring in the 113 days GA fetus.218,226 I did not 

measure pulmonary and cerebral blood flow in this study. However, previous studies have found that 

pulmonary blood flow is not significantly altered after draining lung liquid226 and IUV has minimal 

effects on cerebral perfusion in ovine fetuses.202 Studies evaluating physiological-based cord clamping 

have similarly found that carotid blood flow remained stable in lambs ventilated with intact umbilical 

cord circulation.157 Although that study was conducted in a different context to IUV, with older lambs 

(126 days GA) and only a transient period of ventilation,157 its findings suggest that the placenta 

prevents haemodynamic instability usually associated with ventilation. Indeed, in Chapter 3, I have 

shown that ventilating a fetus while attached to the umbilical cord, even with an injurious strategy, does 

not cause significant fluctuations in carotid blood flow.  Taken together, any effects observed in the 

current study are likely due to the act of ventilation (inflating the fetal lungs) without involvement of 

haemodynamic instability. 
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To my knowledge, systemic cytokine profiles after IUV have not previously been investigated. IL-6 and 

IL-8 are inflammatory mediators that have been associated with preterm brain injury. In postnatal 

ventilation studies, Malhotra et al. found no differences in IL-6 and IL-8 cytokine profiles in the blood 

(time points of collection not specified) and CSF of preterm but otherwise healthy lambs (125 days GA) 

that were delivered and supported on ventilation for 24 h compared to unventilated control lambs.152 In 

the current study, systemic IL-6 levels were higher than baseline and control animals from 9-12 h. 

Despite continuous ventilation, systemic IL-6 levels returned to baseline by 24 h. The highest IL-6 

level detected after ventilation commenced was 574 ± 0.13 pg/ml at 9 h; the limited reference values for 

plasma cytokine levels in fetal sheep hinder useful inferences. Nevertheless, increased serum IL-6 

levels >100 pg/ml at 12 h of life is associated with severe intraventricular haemorrhage in extremely 

preterm infants.227 Elevated systemic IL-6 level in the neonatal period has also been associated with 

cognitive delay and/or motor deficits at 30 months in term infants at risk of neonatal encephalopathy.228 

In the current study, IL-8 levels increased later at 24 h. In near-term infants, systemic IL-8 level 

increased after 2 h of intubation and mechanical ventilation.91 Certainly future experiments with a 

longer duration will be useful to understand the effects of prolonged ventilation on IL-6 and IL-8 levels 

and the pattern of upregulation. The levels of IL-6 and IL-8 in CSF were not different between groups, 

suggesting that these pro-inflammatory cytokines were either not altered within the brain or that altered 

levels did not persist to 24 h. Increased levels of pro-inflammatory cytokines in CSF are thought to 

indicate a localised cerebral inflammatory response and have been associated with white matter injury 

in preterm infants.229  

In the current study, prolonged ventilation did not cause overt histological brain injury or significantly 

alter blood-brain barrier integrity, microglia reactivity, or the number of oligodendrocytes. This is 

similar to the abovementioned postnatal ventilation study by Malhotra et al. where no apparent 

neuropathology and changes in microglia and astrocyte reactivity were observed in the PVWM and 

SCWM of ventilated lambs delivered at 125 days GA.152 In that study, however, prolonged ventilation 

significantly increased the number of apoptotic cells (caspase-3-positive) cells in the PVWM.152 It was 

speculated that pronounced white matter damage did not occur due to the relative maturity of the white 

matter at 125 days GA. The oligodendrocyte population progresses from primarily immature 

oligodendrocytes at 105 days GA in fetal sheep to mature myelinating oligodendrocytes by 120 days 

GA204 and therefore should be more vulnerable to insults at 113 days GA than at 125 days GA. A much 

longer period of ventilation for 14 days in preterm baboons induced an increase in ramified microglia 

and reduction of oligodendrocytes in white matter regions.143,145 It may be that 24 h of ventilation was 

insufficient to induce changes, and a longer cumulative duration of ventilation is needed. 
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A plausible reason for the lack of brain injury may be that my achieved VT was considerably lower than 

previous IUV studies. I achieved VT of 2.36 ± 0.78 ml/kg (mean ± SD) despite applying maximum PIP 

of 45 cmH2O, whereas previous studies that observed ventilation-induced lung injury in sheep of similar 

GA attained VT of 3-5 ml/kg with a maximum PIP of 40 cmH2O.165,218 Fetal posture, which cannot be 

controlled, may have affected the VT delivered and distribution of ventilation within the lungs.226 It is 

possible that amniotic pressure on the thoracic cavity limited lung expansion, and a larger inspiratory 

pressure may have been needed to overcome this. However, excessive pressure is itself injurious to the 

immature lung and I deliberately chose ventilatory parameters to avoid barotrauma and volutrauma. 

Moreover, my measurement of VT may be an underestimation given that the flow sensor was attached 

to the ventilation tubing outside the ewe, instead of at the end of the endotracheal tube at the mouth 

of the lamb. Importantly, despite the low observed VT, the lungs of the VENT animals in the current 

study were significantly injured compared to those of CONT animals (Polglase et al., manuscript in 

preparation) and the increase in systemic cytokine levels may reflect this.  

There are several limitations to my study. Previous studies have shown that there are responders and 

non-responders to IUV based on pulmonary blood flow changes, though the reasons for this are 

unknown.226 I did not measure blood flow in the current study and so could not perform a sub-analysis. 

I have focused on cerebral PVWM and SCWM in this study as these are regions where brain injury in 

preterm infants has commonly been observed and which previous studies have focused on. 

Oligodendrocytes are the most vulnerable cell type in a developing brain of this gestational age.203,204 

However, it is possible that prolonged ventilation affects other cell types (e.g. neurons, astrocytes) or 

regions I have not yet examined. This is a focus for future investigations. I investigated a period of 24 h 

of ventilation as a proof of concept, but human preterm infants are likely to be exposed to longer periods 

of ventilation in the NICU. Furthermore, perhaps ventilation-induced changes take longer than 24 h 

to manifest, and so could not be detected in my analyses. Future studies with a longer ventilation period 

are required to confirm this. In this regard, my study demonstrated that extending the duration of IUV 

from 12 h (previous studies of lung injury)165,218,226 to 24 h was feasible and did not cause undue distress 

to the ewe and fetus, suggesting that it is conceivable to extend the ventilation period using this model. 

While this study was not aimed at investigating the pathways of chronic VIBI, it needs to be 

acknowledged that maintaining placental circulation during ventilation removes the haemodynamic 

pathway of injury, as explained in Chapter 3. Hence, my findings raise further questions about the 

involvement of systemic inflammation and haemodynamic instability on chronic VIBI. 
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5.5. Conclusion 
Overall, my findings suggest that the fetal sheep 24 h IUV model may not yet be an appropriate tool to 

examine prolonged VIBI. Refinements to the model involving longer ventilation periods and expanding 

the analysis to other cell types and regions will help to improve relevance of the model. Developing a 

reliable model of chronic VIBI is necessary to investigate its mechanisms and potential treatments, with 

the goal of improving the neurodevelopmental outcomes of preterm infants who require long periods 

of respiratory support.   

  



 

123 
 

Chapter Six: General Discussion 

6.1. Overview 
An estimated 2.4 million babies are born very and extremely preterm at less than 32 weeks gestational 

age (GA) worldwide each year.1 Approximately 60-95% of these infants will require respiratory support 

during their neonatal period, whether in the delivery room, subsequently in the neonatal intensive care 

unit (NICU), or both.3,60–66 This is because their lungs are too immature for efficient gas exchange. 

Paradoxically, this life-saving respiratory support in the neonatal period can unintentionally cause brain 

injury and adverse long-term neurodevelopmental outcomes. In the delivery room setting, early positive 

pressure ventilation (PPV),97,98 increasing intensity of resuscitation (non-invasive PPV to invasive PPV 

to cardiopulmonary resuscitation),67,95 and poorly controlled PPV resulting in inappropriate ventilation 

parameters97,100 have been associated with brain injury and long-term neurological deficits. In the NICU, 

where respiratory support is better controlled and monitored, prolonged duration of invasive PPV has 

been associated with brain injury and adverse neurodevelopmental outcomes.60,62,75,105,107 While it is 

recognised that the modes and duration of delivery room resuscitation and NICU assisted ventilation 

are markedly different, the distinct roles each play in the development and progression of ventilation-

induced brain injury (VIBI) have scarcely been explored. The mechanisms that mediate VIBI remain 

elusive and few potential treatments for preterm brain injury have been evaluated in conjunction with 

mechanical ventilation in either setting. The studies in this thesis aimed to provide insight into the 

neuropathology and mechanisms of VIBI and to evaluate the therapeutic benefits of treatments that 

target these pathways (e.g. umbilical cord blood [UCB] cells).  

A major issue when associating preterm brain injury directly with an intervention like respiratory 

support is the inability to isolate the ventilation per se from other potential sources of injury that might 

already be present antenatally (e.g. chorioamnionitis) and/or in the immediate and long-term postnatal 

care of a preterm infant. Postnatal sources of injury can occur from respiratory support itself (e.g. oxygen 

toxicity, atelectrauma) or from other interventions to assist with stabilising multi-organ dysfunction 

prevalent in immature preterm newborns. To overcome these confounders, I expanded on two ovine 

fetal ventilation models to investigate VIBI: 1) a head-out ventilation model with a brief injurious 

ventilation strategy to investigate the mechanisms of acute VIBI in the delivery room and evaluate the 

use of UCB cells as a treatment, and 2) an in utero ventilation (IUV) model with prolonged gentle 

ventilation to model chronic VIBI in the NICU [Fig. 6.1].  
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Figure 6.1. Schematic overview of the studies in this thesis. This thesis examined the mechanisms of 

acute injurious ventilation akin to ventilation strategies that preterm infants may receive in the delivery 

room, and whether the early administration of umbilical cord blood (UCB) cells showed 

neuroprotective efficacy. Further, neuropathology after prolonged ventilation was characterised to 

determine if an in utero ventilation model is suitable to mimic prolonged ventilation preterm infants 

often receive in the neonatal intensive care unit (NICU). 
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The most important findings of my thesis are the following: In Chapter 3, my results showed that the 

relative contributions of the inflammatory and haemodynamic pathways of VIBI remain inconclusive. 

Importantly, while I aimed for high tidal volumes (VT) to induce acute VIBI, this was not achieved, and 

my results suggest that the lower VT was not associated with neuropathology. Thus, VT below a certain 

threshold may be less injurious than previously thought. In Chapter 4, I demonstrated that early UCB 

cell treatment to reduce VIBI actually increased systemic and cerebral inflammation, and adversely 

affected the blood-brain barrier (BBB), microglia, and oligodendrocytes. Therefore, it appears that the 

chosen UCB cells treatment regimen (80 million allogeneic term UCB cells administered i.v. 1 h after 

injurious ventilation) is unfavourable. Lastly, in Chapter 5, I established that prolonged 24 h of 

ventilation with low VT increased systemic inflammation but not white matter injury in fetal sheep. 

Overall, the lack of brain injury observed in my studies raises some interesting possibilities about the 

role of ventilation in brain injury, as well as the potential role the placenta may play in moderating the 

effects of VIBI which are discussed below.  

6.2. Tidal volume below a threshold does not induce VIBI 
Previous studies from our group have shown that high VT of 10-15 ml/kg immediately at delivery 

resulted in activation of the haemodynamic and inflammatory pathways that mediate brain injury.80,96,110 

This finding was important given that the majority of preterm infants receive excessive VT during 

delivery room resuscitation87 which increases intraventricular haemorrhage (IVH).97 

I aimed to replicate these high VT strategies to induce VIBI in Chapters 3 and 4. However, I was unable 

to achieve the target VT of 12-15 ml/kg in either study, reaching a mean VT of only 7-10 ml/kg. 

Although the animals received VT that is marginally higher than the normal range (5-7 ml/kg), this was 

not enough to elicit overt brain injury despite resulting in profound lung injury.189 This finding raises 

the possibility that a potential threshold of VT ≥10 ml/kg is required to induce brain injury in the delivery 

room in preterm lambs and potentially also in preterm infants. This may have occurred by reducing the 

impact of the major pathways of preterm brain injury, discussed further in Section 6.3.1. 

This result has important clinical implications. The use of respiratory function monitors in the delivery 

room has long been advocated for, predominately to reduce volutrauma and subsequent ventilation-

induced lung injury (VILI).230,231 This has been shown to improve short-term respiratory outcomes 

(reduce oxygen requirement and the need for intubation),232 but its impact in reducing VIBI has not 

been established. My results suggest that maintaining a normal or less excessive VT in the delivery room 

may prevent or reduce VIBI. The best way to achieve this clinically would be by using respiratory 

function monitors to maintain and limit lower VT to fall within a safer range. Importantly, it should be 

noted that the safe limit in humans is not known. While Mian et al. and Pahuja et al. showed that VT 
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<6 ml/kg was associated with less IVH than >6 ml/kg,97,99 a lower VT (e.g. 5 ml/kg) may be even more 

beneficial as long as adequate oxygenation can be achieved. 

In Chapter 5, the achieved VT (2-3 ml/kg) was also lower than desired, relative to what previous studies 

have shown to cause VILI (3-5 ml/kg), although I suspect that this may be due to the placement of the 

flow sensor on the exteriorised ventilation tubing rather than at the end of the endotracheal tube near 

to the mouth of the animal where it is normally placed. This would underestimate the actual delivered 

VT. Nevertheless, this again supports the notion that it is not inflating immature lungs for an extended 

duration but overinflating them that is the more crucial factor in the pathogenesis of VIBI. Given that 

the fetus was not dependent on ventilation for survival in my study, I am not able to infer if the low VT 

applied is adequate to support respiratory efforts ex utero or feasible as a strategy. 

6.3. Does lung injury predict brain injury? 
Intriguingly, in all chapters, despite the relatively low VT, our ventilation strategies successfully induced 

VILI (Appendix III; Polglase et al., manuscript in preparation). VIBI has been proposed to be a 

downstream consequence of VILI, coordinated through systemic inflammation and perturbed 

haemodynamics. I propose that the lack of injury from ventilation in Chapters 3 and 5 is due to the 

modulation or interruption of pathways of VIBI in the fetus, attributed to the intrauterine environment. 

6.3.1. Role of the haemodynamic and inflammatory pathways to VIBI 
The contribution of the haemodynamic pathway to VIBI was largely neglected in this thesis as most 

fetuses were ventilated with an intact placental circulation [Fig. 6.2C]. Even in fetuses ventilated with 

their umbilical cords occluded (INJINF+HAE group in Chapter 3), carotid blood flow, which is a proxy for 

cerebral blood flow (CBF),202 was not as variable as previously observed in injuriously ventilated preterm 

lambs ex utero [Fig. 6.2B,D]. Large fluctuations to CBF, especially in preterm infants with 

compromised cerebral autoregulation, is known to rupture fragile blood vessels and result in 

haemorrhagic injury.116 Thus, the absence of cerebral haemodynamic instability in my studies may 

explain the apparent lack of brain injury. Indeed, I did not observe any increase in protein extravasation, 

an indicator of compromised vasculature and BBB breakdown, in the ventilated groups in Chapters 3 

and 5. Importantly, not only would reducing haemodynamic instability prevent cerebrovascular injury, 

but it can also limit inflammatory consequences upon the brain by preventing BBB disruption. 

Breakdown of the BBB aids access of systemic circulating inflammatory proteins and peripheral 

leukocytes into the brain parenchyma of preterm infants to elicit localised inflammation.29,125  
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Figure 6.2. Carotid artery blood flow during positive pressure ventilation (PPV). (A-B) In previous 

studies, PPV initiated using an injurious high tidal volume (VT) strategy resulted in greater CBF 

instability in postnatal preterm lambs compared to when a protective ventilation strategy was used. 

Reproduced with permission from Polglase et al., 201480 with minor adaptations. (C-D) In Chapter 3, PPV 

initiated with an injurious high VT strategy resulted in greater CBF instability in preterm-equivalent 

fetal sheep with umbilical cord occlusion compared to when the fetus was connected to intact placental 

circulation.  

The potential reason that CBF was stable was that ventilation, particularly with an intact placental 

circulation, did not result in an increase in pulmonary blood flow (PBF), which would alter cardiac 

output and subsequently CBF. Previous research has shown that PBF only increased in 57% of lambs 

during IUV, and this only occurred transiently with no differences in PBF observed in any animals after 

2 h.226 Therefore, it is possible that in the fetal ventilation model, the haemodynamic pathway is difficult 

to initiate, and thus less damaging to the preterm brain by this pathway. Further, PBF is important for 

the recruitment of inflammatory cells into pulmonary tissue and the translocation of pro-inflammatory 

mediators to the bloodstream in order to initiate a systemic response. This may explain the lack of a 

profound systemic response in fetuses where ventilation did not increase PBF. I did not measure PBF 

in these studies, but a future focus may be to ensure that the haemodynamic pathway is initiated in the 

fetal ventilation model.  

Nevertheless, it raises the question whether an increase in systemic inflammation alone is enough to 

cause VIBI. In Chapter 3, I showed that systemic interleukin(IL)-6 and IL-8 levels were not altered by 

injurious ventilation and there was no evidence of BBB compromise (protein extravasation [sheep 
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serum]). Further, there was no evidence of brain inflammation or injury. In Chapter 5, despite increased 

circulating IL-6 and IL-8 levels with ongoing ventilation, there remained no evidence of BBB 

compromise (vascular integrity [H&E] and protein extravasation [sheep serum]), and no evidence of 

brain inflammation or injury. However, in Chapter 4, an increase in systemic IL-6 and IL-8 levels was 

accompanied by compromised BBB integrity (protein extravasation [sheep serum]) and cerebral 

pathology. Taken together, these results imply that increased systemic inflammation (IL-6 and IL-8) 

itself does not necessarily predict VIBI, unless it also disrupts BBB integrity or BBB integrity is already 

otherwise compromised. It is unclear whether this indicates that systemic inflammation must be severe 

enough to adversely alter BBB integrity before it can affect the brain, or if simply a compromised BBB 

presents an opportunity for circulating immune cells and pro-inflammatory mediators to enter the 

central nervous system (CNS) and induce cerebral inflammation and injury. Furthermore, the 

involvement of other cytokines has not been explored in this thesis and is likely crucial to this discussion. 

Regardless, the importance of the inflammatory pathway to VIBI, particularly systemic inflammation 

as a conduit in the lung-brain crosstalk, should be further interrogated.  

While I have focused on the haemodynamic and inflammatory pathways of VIBI independently in most 

parts of this thesis, it is essential to acknowledge that these two pathways influence each other. 

Importantly, my findings suggest that these two pathways of VIBI may be more profoundly interlinked 

than previously understood.  

6.4. Early UCB cell therapy in conjunction with mechanical 
ventilation is unfavourable 

In Chapter 4, I discovered that instead of ameliorating VIBI, UCB cell treatment increased systemic 

inflammation and exacerbated cerebral white matter injury. The increase in systemic inflammation is 

not entirely unexpected, given that initiating innate immune responses has been proposed to underlie 

the efficacy of UCB cells to modulate brain injury.217 However, that increased systemic IL-6 and IL-8 

levels in my study were accompanied by worsened brain injury is incongruous with numerous other 

preclinical studies that have demonstrated efficacy of UCB cells in reducing brain injury in 

sheep184,185,188,209 that formed the basis for choosing UCB cells as a treatment in this study. As discussed 

in Chapter 4, the conflicting findings may be explained by differences in the dosing regimen of UCB 

cells. Specifically, when and how often we administered the cells (timing), what cells were administered 

(subtypes within UCB), and how many cells were administered (dose). I have administered my 

treatment at an early time point (1 h post-ventilation), which coincides with the peak pulmonary 

inflammatory response after ventilation,212 with the intention to interrupt the pulmonary to systemic 

inflammatory transmission. However, placing the cells in this pro-inflammatory environment may have 
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pushed the UCB cells to a pro-injury phenotype.215,216 This raises the critical concept that the 

inflammatory state of the newborn should be considered before any treatment is given, especially if the 

treatment is dynamic and can respond to the microenvironment it is placed in (e.g. stem cells) as it may 

exacerbate injury rather than reduce it.  

Delayed administration may be preferred since ventilation-induced lung inflammation has been shown 
to resolve by 6 h after injurious ventilation.212 Certainly, comprehensive profiles of the pulmonary and 
systemic inflammatory responses after ventilation may aid in determining an ideal time for UCB 
administration and are vital areas for future research. Indeed, an in-depth analysis of the pathways of 
VIBI discussed in Section 6.3.1 and the inflammatory and oxidative stress responses to injurious 
ventilation over time are required before targeted treatments can be explored.  
 
Regardless, the interaction of UCB cells and mechanical ventilation needs to be thoroughly investigated. 

This is critical given that the majority of preterm infants born <32 weeks GA, where the majority of 

cases of brain injury are present, receive substantial respiratory support both in the delivery room and 

NICU. As the experimental conditions of this study have deliberately deviated from that in the clinical 

setting, my results should be interpreted with caution. These results certainly should not be extrapolated 

to preterm infants as is, but they provide a stark reminder that there is a lot that is not known about 

UCB cells as a potential treatment for brain injury in infants who require respiratory support.  

6.5. The influence of the placenta 
The main difference between my studies and previous VIBI studies that have investigated 

neuropathology is that ventilation in most of the previous studies was conducted ex utero. The advantage 

of fetal ventilation models is the ability to isolate the sole effects of ventilation from other potential 

confounders. In particular, the placenta provides cardiovascular, oxygen, and nutritional support to the 

fetus throughout the study. Manipulation of umbilical blood flow potentially allows the haemodynamic 

pathway of VIBI to also be studied. While I discussed above how the placenta may have protected 

against VIBI by mitigating the haemodynamic and inflammatory pathways of injury, here, I speculate 

that the intrauterine environment and placenta may further protect the fetus and/or the fetal brain from 

insults.  

It has previously been reported that the ovine fetal lung has capacity for self-repair after injurious 

ventilation.233,234 Fetal sheep (125 days GA; 0.85 of term233 and 110 days GA; 0.75 of term234) were 

exteriorised, ventilated for 2 h with an injurious ventilation strategy, then returned to the uterus for 

either 24 h or 15 days.233,234 In the absence of continued ventilation, lung tissues showed heterogenous 

histological injury 24 h after injurious ventilation that resolved by 15 days without any additional 
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interventions.233,234 It is undetermined if this was a tissue specific response, if the intrauterine 

environment contributed to this reversal of injury, or both.  

Certainly, the placenta and umbilical cord are rich sources of stem and progenitor cell populations which 

have anti-inflammatory, angiogenic, and regenerative properties.175,235,236 With regards to the brain, the 

placenta is vital for regulation of neurosteroid precusors, neurosteroids, and neurotrophins during 

normal development, either via direct placental production of these factors or by placental transfer of 

maternal factors to the fetus.237,238 Neurosteroids (e.g. allopregnanolone) and neurotrophins (e.g. brain 

derived neurotrophic factor [BDNF] and nerve growth factor [NGF]) may have neuroprotective effects 

in the fetus besides their roles in fetal brain development processes such as neurogenesis, gliogenesis, 

myelination, and survival and maintenance.237–240 Maternal pro-inflammatory cytokines (e.g. IL-6) have 

been shown to be able to cross the placental barrier, although this is dependent on the cytokine.241 There 

is minimal transfer of maternal IL-1α and tumour necrosis factor (TNF) to the fetus,241 and placental 

transfer of anti-inflammatory cytokines have been relatively unexplored. Indeed, little is known about 

healthy placental responses to a challenged fetus; a compromised fetus is more commonly the consequence 

of altered placenta function (e.g. inflammation of placental membranes and placental insufficiency). It 

is possible that the dampened systemic inflammatory response in our studies, in addition to the 

haemodynamic influence of the placental circulation, may be in response to maternal or placental 

mediators. This remains conjecture and warrants further investigation.  

6.6. Limitations 
In commencing these studies, it was evident that my animal models would need to induce detectable 

and reproducible changes to the white matter of the preterm brain, consistent with what has been 

observed in humans. This has not always been the case. Indeed, the methodology employed in this 

thesis has several strengths but is not without limitations.  

6.6.1. Clinical relevance of the fetal ventilation model 
While fetal ventilation models are useful for isolating individual ventilatory parameters (as in VT in 

Chapters 3 and 4, and duration in Chapter 5), injury purely from ventilation without consideration of 

other factors is not a realistic representation of what happens in a clinical setting. There is abundant 

room for further progress in determining the role of mechanical ventilation in those contexts, by using 

the basic science findings in this thesis as a springboard for more complex studies with greater 

translational relevance. For example, ventilation may play an additive rather than main role in causing 

brain injury in infants exposed to adverse antenatal conditions (e.g. chorioamnionitis and fetal growth 

restriction) and will need be studied in that context. Furthermore, my results in Chapter 4 on the effects 
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of UCB cells need to be validated in postnatal models, where lambs are cared for more similarly to 

preterm infants.  

6.6.2. Low tidal volumes 
A key limitation of the studies in this thesis is that the VT applied to the lambs was insufficient to 

achieve the aims of the studies. Nevertheless, this has provided vital insight to the importance of 

monitoring VT in the delivery room setting (Section 6.2) and alluded to the possibility that maintaining 

low VT during prolonged ventilation in the NICU may counter VIBI. Nonetheless, there are necessary 

alterations that need to be done to strengthen these fetal ventilation models before undertaking future 

work. Specifically, strategies to obtain a higher VT are required. For example, surfactant administration 

before ventilation can increase lung compliance and allow for larger VT. Increasing the upper limit of 

peak inspiratory pressure can also increase VT but this should be undertaken with caution since excess 

pressure contributes to lung injury. In my studies, the maximum pressure was limited to prevent 

pneumothoraces.  

6.6.3. Brain regions of interest and pathways of injury investigated 
Another limitation is that assessments have been restricted to the PVWM and SCWM in an attempt 

to add depth rather than breadth to current literature. The PVWM and SCWM have consistently been 

shown to be vulnerable regions of the brain of preterm infants. However, the contribution of ventilation 

to injury in these regions is not well understood. Recent findings suggest subtle injury in other brain 

regions, such as the cortical grey matter and hippocampus, which may be the focus of future studies. 

Similarly, the two pathways of VIBI evaluated in this thesis are those previously shown to be critically 

involved in the progression of VIBI. Collateral pathways of injury (e.g. oxidative stress) have not been 

investigated in this thesis. In particular, effects of oxidative stress pathways may not have been 

adequately reflected since room air was used for ventilation and there was negligible pulmonary gas 

exchange in the fetuses.  

Microglia reactivity, astrocyte reactivity, changes in total oligodendrocyte numbers, and vascular protein 

extravasation were used as indicators of white matter wellbeing and injury in my studies. However, there 

are undoubtedly other critical cell types and responses important to the evolvement of brain injury in 

the ventilated preterm infant. These include neurons, neuronal fibres, neuronal activity, myelin content, 

measurements of oxidative stress, as well as cell death pathways. Furthermore, I have only used common 

markers to assess the cell types in the white matter. For example, I have relied on oligodendrocyte-

transcription 2 (Olig2) and myelin basic protein (MBP) to assess white matter integrity. Given the 

heightened vulnerability of preoligodendrocytes expected at this stage of brain maturity, it would be 
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useful to assess the different populations of oligodendrocyte lineage cells. Attempts to thoroughly 

characterise brain injury in sheep has often been limited by the reagents and working protocols available, 

but this is an essential area for investigations when techniques progress in the future. 

6.6.4. Inherent issues with using sheep  
This thesis has leveraged on the use of sheep as an experimental model for several reasons. Briefly, we 

can more closely replicate clinical equipment and conditions compared to using smaller animals (e.g. 

rodents, rabbits), with simpler ethical considerations and less extensive resources compared to using 

other large animal models (e.g. non-human primates). The physiology as well as brain development of 

fetal sheep are also well documented. Pregnant sheep are resilient to surgery, and the size of fetal 

sheep/lambs allows repeated blood sampling which is useful in characterising systemic inflammatory 

profiles. However, there are a few limitations associated with using sheep. Relatively small sample sizes 

(5-10 animals/group) have been used in this thesis, as is common with studies utilising large animals. 

This remains a challenge when accounting for variability. The species differences between human and 

sheep must also be part of this discussion. The brain-lung maturation mismatch was mentioned briefly 

in Chapter 5, in proposing the IUV model. To reiterate, while the overall developmental timeline of 

white matter is comparable to humans, myelination occurs earlier in relation to birth in sheep, and 

advances more rapidly than lung development, relative to humans (i.e. in a preterm lamb of 125 days 

GA, lung development is comparable to a 26-28 week infant242,243 but cerebral white matter 

development is comparable to a 36-38 week infant203,204). This is an important consideration for VIBI 

studies (see Appendix I). 

6.7. Future direction 

6.7.1. Umbilical cord blood cells and mechanical ventilation 
The findings in Chapter 4 provide a strong justification to interrogate the interaction of UCB cells and 

mechanical ventilation. I speculate that with an optimised dosing regimen (dose, timing, route), UCB 

cells administration may not be detrimental and perhaps even has the potential to improve 

neurodevelopmental outcomes in ventilated preterm infants. However, my findings do show that if 

given at the wrong time and/or dose, UCB cells may in fact be harmful. Therefore, it is critical that 

future studies delineate the interplay between UCB cells and ventilation, as well as the overall 

inflammatory state of the newborn when UCB cells are given.  
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6.7.2. Further characterisation of the pathology and pathways of VIBI 
The findings in Chapter 3 and 5 highlight the need to more comprehensively investigate the pathology 

of VIBI by characterising changes in different cell types and to expand investigations to other regions 

of the brain. Studies should also explore the contribution of the oxidative stress pathway of injury; this 

is feasible by isolating the influence of oxygenation (e.g. different fraction of inspired oxygen [FiO2] 

levels) in the fetal ventilation models presented in this thesis.  

6.7.3. Examining placental factors 
As discussed above (Section 6.5), there is a need to better understand how the placenta may play a role 

in modulating ventilation-induced lung and brain injury. Future studies can explore the haemodynamic 

interaction between the placenta and fetus during ventilation. These studies can also include analysis of 

placental tissue to identify potential protective cell types or mediators. Furthermore, major initiatives 

such as the Human Placenta Project launched by the Eunice Kennedy Shriver National Institute of Child 

Health and Human Development (NICHD) will provide substantial clarifications on placenta 

development, structure, function, and role in health and disease.244  

6.8. Conclusion 
The studies presented in this thesis examine two specific ventilation situations preterm infants receive 

in the immediate neonatal period. Our knowledge of VIBI, which is vital for rational attempts at 

prevention or treatment, will remain incomplete without reliable preclinical models. This thesis explores 

the value of sheep as an appropriate tool for the ongoing investigation of VIBI. By mimicking 

physiological scenarios of acute injurious ventilation in the delivery room and prolonged controlled 

ventilation in the NICU, I clarified the pathways involved in VIBI, characterised histopathology of 

VIBI, and evaluated a therapeutic intervention (UCB cells) to prevent or reduce VIBI.  

Recent advancements in neonatology have ensured that preterm infants can be supported at gestational 

ages earlier than ever before. Reducing VIBI and its sequelae is critical in ensuring that the improved 

survival of our tiniest, most vulnerable infants does not come at the expense of long-term 

neurodevelopmental morbidities. The work demonstrated in this thesis is a valuable contribution to this 

purpose. 
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Afterword 

I often marvel at the events that have culminated in this moment.  

In the tattered map of any PhD student, there is the logical, linear route detailing the science to new 

knowledge – everything you’ve read in this book up to this point. And then there is everything around 

that route – the roads that led to the starting point, the side paths and detours from start to end, the 

messy maze of responsibilities and decisions, and the landscape littered with tiny red and white flags 

nobody talks about. I do not have the words to transcribe the entirety of this journey and attempting to 

do so would not do it justice. I have in fact rewritten this section more times than any other chapter, 

with varying degrees of resentment, acceptance, despair, hope, helplessness, invincibility, jadedness, 

excitement, frustration, and pride each time. 

You see, there are things you want to do, and then there are things you have to do; over the course of 

four years, my PhD went from one to the other. The past four years have been an intellectually 

stimulating, emotionally exhausting adventure I was not prepared for but learnt to endure. In rare 

moments, I embraced it. I said at the start that the best view comes after the hardest climb. On some 

days they were mountains, but most others they were valleys and I was making my way back up to 

ground. Ultimately, I won’t miss the sum of it, but I certainly will treasure the good parts of this story 

– and there were many.  

I always thought that at the end of it, this would feel much more. Perhaps a loud celebration at the end 

of a dark tunnel with an overwhelming sense of fulfilment. But in this moment, writing this, it feels 

more like relief that I can finally stop hitting myself with the hammer. Submitting this thesis amidst 

the chaos of a global pandemic is perhaps the perfect summary of this journey – that even when the 

world is crumbling around you, you trudge on because being mediocre is not enough in a world that 

requires your best.  

Lastly, I have acknowledged those who have contributed to the making of this thesis, except the most 

important person. To me – thank you for making it this far despite wanting to give up every single day. 

I read somewhere that the problem with academic career goals is that you might not be enough of the 

same person when you reach them to have it be worthwhile. There have been days near the end where 

I caught the shadows of joy long lost. It was in those fleeting moments that I realised my fascination 

with all things babies and brains had not been completely eroded. The girl who genuinely believed she 

could change the world one experiment at a time was still there. I am so glad that I didn’t lose her. And 
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so, even if it’s hard to feel on the day to day, hand on heart, old Kyra – all the versions of her – is very, 

very proud. We did it.  
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Appendices 

This thesis includes three appendices, listed in order of the chapters they relate to: 

Appendix Article Title Chapter 

I 
Respiratory support of the preterm neonate: Lessons about ventilation-induced 
brain injury from large animal models. 

1 

II Diffusion tensor imaging detects ventilation-induced brain injury in preterm lambs. 3 

III 
Umbilical cord blood cells do not reduce ventilation-induced lung injury in preterm 
lambs. 

4 
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Appendix I 

This appendix relates to Chapter One: Introduction. As an extension of the literature review included 

in this thesis, I explored the relevance and importance of large preclinical models to investigate 

ventilation-induced brain injury and synthesised the information we have obtained from these 

experimental models to date. The review article is included below in manuscript form: 

Chan KYY, Miller SL, Schmölzer GM, *Stojanovska V, *Polglase GR. Respiratory support of 

the preterm neonate: lessons about ventilation-induced brain injury from large animal models. 

[Submitted to Front Neurol, resubmitted with revisions after peer review (18/06/2020)] 

N.B. This manuscript has since been accepted and published. The paper is available at:   

Chan KYY, Miller SL, Schmölzer GM, *Stojanovska V, *Polglase GR. Respiratory support of 

the preterm neonate: lessons about ventilation-induced brain injury from large animal models. 

Front Neurol 2020;11:862. 
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Abstract 16 

Many preterm neonates require mechanical ventilation which increases the risk of cerebral 17 
inflammation and white matter injury in the immature brain. In this review, we discuss the links 18 
between ventilation and brain injury with a focus on the immediate period after birth, incorporating 19 
respiratory support in the delivery room and subsequent mechanical ventilation in the neonatal 20 
intensive care unit. 21 

This review collates insight from large animal models in which acute injurious ventilation and 22 
prolonged periods of ventilation have been used to create clinically relevant brain injury patterns. 23 
These models are valuable resources in investigating the pathophysiology of ventilation-induced 24 
brain injury and have important translational implications. We discuss the challenges of reconciling 25 
lung and brain maturation in commonly used large animal models. 26 

A comprehensive understanding of ventilation-induced brain injury is necessary to guide the way we 27 
care for preterm neonates, with the goal to improve their neurodevelopmental outcomes.  28 
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1 Introduction 29 

Respiratory support is a necessary life-saving intervention which has been associated with brain 30 
injury, especially in preterm neonates. Preterm birth, defined as birth prior to 37 completed weeks of 31 
gestation, is a major cause of perinatal mortality and morbidity (Blencowe et al., 2013; Chow et al., 32 
2019). Almost 1 million preterm infants who survive the neonatal period suffer adverse 33 
neurodevelopmental outcomes (Blencowe et al., 2013) which, in addition to an individual burden, 34 
imposes enormous financial and social costs to their families and society. Many complications 35 
associated with prematurity are due to an interruption of normal organ development that would 36 
otherwise proceed to term in utero. For this reason, the distinction of babies by gestational age (GA) 37 
at birth – extremely preterm (<28 weeks), very preterm (28-<32 weeks), and moderate to late preterm 38 
(32-<37 weeks) – helps to identify infant populations which are most at risk of complications related 39 
to preterm birth (Blencowe et al., 2012). Notably, the lungs of very and extremely preterm infants are 40 
often too immature to provide adequate respiratory function required to sustain extrauterine life.  41 

The lower the GA of the infant at birth, the less mature the lungs are, and the higher the requirement 42 
for respiratory support. An estimated 2.4 million babies are born very and extremely preterm 43 
worldwide each year (Blencowe et al., 2012) and approximately 60-95% of these infants will require 44 
respiratory support during their neonatal period (Serenius et al., 2004a; Walsh et al., 2005; Gagliardi 45 
et al., 2009; Soll et al., 2013; Chow et al., 2019). At the same time, the brains of these infants who 46 
require respiratory support are at a vulnerable stage of development and prone to injury. It is this 47 
combination of high requirements for respiratory support and the heightened vulnerability of their 48 
immature brains that increases the risk of ventilation-induced brain injury (VIBI) in extremely 49 
preterm infants. 50 

Importantly, VIBI is likely to ensue as early as when respiratory support commences in the delivery 51 
room. Depending on GA, approximately 34 - 85% of preterm infants require intubation and positive 52 
pressure ventilation (PPV) to establish lung aeration immediately after birth (Serenius et al., 2004b; 53 
Cho et al., 2015; Stoll et al., 2015; Chow et al., 2019). These statistics exclude non-invasive forms of 54 
ventilation, meaning the total percentage of preterm infants who need respiratory support 55 
immediately after birth is substantially higher. Despite this high requirement, the limitations of 56 
equipment used in delivery suites mean that a significant proportion of babies receive inappropriate 57 
pressures or tidal volumes (VT) (Schmölzer et al., 2010; van Vonderen et al., 2015), which can 58 
initiate pathways leading to VIBI (Barton et al., 2015b). Subsequent to this, the duration of 59 
ventilatory support in the neonatal intensive care unit (NICU) is proportional to the risk of 60 
neurodevelopmental impairment and disorders (Walsh et al., 2005; Tsai et al., 2014).  61 

Respiratory support exacerbates key pathways of preterm brain injury: 1) cerebral inflammation and 62 
2) cerebral hemodynamic instability (Polglase et al., 2012a, 2014b; Barton et al., 2015b), meaning 63 
ventilated preterm infants are in the unfortunate position of double jeopardy and are at an increased 64 
risk of brain injury. The nature of VIBI is not fully understood because it is difficult to determine 65 
clinically if brain injury is attributed solely or predominantly to ventilation. It is in this background 66 
that large animal models have played a vital role in improving our understanding of the pathogenesis 67 
of VIBI and to aid development of therapies.  68 

In this review we will explore the issue of VIBI, how large animal models have been utilized to 69 
investigate VIBI, and the value of these models to develop much-needed therapies.  70 
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2 Preterm Birth, the Requirement for Respiratory Support, and How This May Be 71 
Injurious 72 

Prematurity is the key contributor to the need for respiratory support in newborns. The majority of 73 
extremely preterm newborns will require respiratory support due to inadequate alveolarization, 74 
insufficient surfactant production, and impaired lung liquid clearance, together with reduced 75 
respiratory drive, weak chest muscles and flexible ribs (Hillman et al., 2012; Polglase et al., 2014b).  76 

Our improved understanding of respiratory transition and lung function from fetal to newborn life has 77 
led to significant advances in neonatal respiratory care, many of which aim to reduce the risk of 78 
chronic lung diseases and adverse neonatal outcomes. Despite this, a significant proportion of 79 
preterm infants still develop long-term pulmonary and neurodevelopmental morbidities due to 80 
ventilation-induced injury. Various methods of respiratory support (e.g., nasal continuous positive 81 
airway pressure, PPV via face mask or endotracheal tube) have been linked to cerebral inflammation 82 
and neuropathologies in preterm infants, including cystic periventricular leukomalacia, diffuse white 83 
matter injury and intraventricular hemorrhage (IVH) (Rees and Inder, 2005; Albertine, 2012; Aly et 84 
al., 2012; Tsai et al., 2014; Mian et al., 2019). It is essential to clarify and address the effect 85 
ventilation has on the preterm infant.  86 

2.1 Positive Pressure Ventilation in the Delivery Room 87 

Most infants can independently transition from a fetus to a newborn, but many preterm infants will 88 
require assistance for this physiologically challenging process. Neonatal transition involves 89 
cardiovascular adaptations and, more importantly, respiratory adaptations since the newborn is no 90 
longer supported by the placenta for oxygenation (Hillman et al., 2012).  Infants who cannot 91 
spontaneously breathe at birth will require PPV which is usually first delivered non-invasively via a 92 
facemask, and infants who are still unable to initiate stable respiration are intubated (Aly, 2005; 93 
Australian and New Zealand Committee on Resuscitation, 2016). Extremely preterm infants may be 94 
electively intubated in the delivery room in some centres although it has been suggested that 95 
individualized intubation strategies after establishing respiratory failure may be better to reduce 96 
morbidities (Lindner et al., 1999; Bajaj et al., 2018), given that the process of intubation may itself be 97 
injurious and is associated with neurodevelopmental impairments (Wallenstein et al., 2016).  98 

A significant proportion of very and extremely infants require intubation in the delivery room. 99 
Despite decreasing percentages of infants requiring intubation in the delivery room over the past 100 
decades (Soll et al., 2013; Stoll et al., 2015), a staggering 31.6-77.7% of very low birth weight 101 
(VLBW) and/or extremely preterm infants continue to require this invasive intervention (Soll et al., 102 
2013; Cho et al., 2015; Stoll et al., 2015; Chow et al., 2019). Early PPV in the delivery room has 103 
been associated with the development of severe IVH (Aly et al., 2012; Mian et al., 2019). VLBW 104 
infants, mostly born extremely preterm, who received PPV in the delivery room had a nearly three-105 
fold increased likelihood of severe IVH (grades III and IV) than infants who did not receive PPV 106 
(Aly et al., 2012). However, it could be that the infants who require higher levels of intervention are 107 
sicker and more vulnerable to brain injury to begin with, hence it is challenging to accurately 108 
determine the extent to which advanced resuscitation is causal in the progression of brain injury in 109 
these infants. 110 

Importantly, despite the high requirement of PPV in the delivery room, it is likely the least controlled 111 
respiratory support a neonate will ever receive, and this has proven to be inadvertently injurious to 112 
the immature brain (Schmölzer et al., 2010; Barton et al., 2015b; Mian et al., 2019). Current neonatal 113 
resuscitation guidelines in the delivery room rely on visual assessment of chest rise to deliver an 114 
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adequate VT during PPV where pressure monitoring is unavailable (Tracy et al., 2004; Poulton et al., 115 
2011; Australian and New Zealand Committee on Resuscitation, 2016). Besides being subjective, the 116 
ability to observe changes in chest wall movement is reduced when a preterm infant is covered to 117 
maintain body temperature during delivery room resuscitation, stabilization, and transportation 118 
(Tracy et al., 2004). It is challenging even for experienced clinicians to accurately estimate the VT 119 
delivered (Schmölzer et al., 2010; Poulton et al., 2011) and a noticeably expanded chest wall from 120 
PPV may itself be a sign of lung overdistension. Excessively high VT causes volutrauma – a major 121 
cause of lung inflammation and injury (Parker et al., 1993; Jobe and Ikegami, 1998; Attar and Donn, 122 
2002; Schmölzer et al., 2008; Polglase et al., 2014b). Together, these factors contribute to a 123 
suboptimal ventilation situation that leads to injury of the lung and, consequently, the brain. Indeed, 124 
the use of excessive VT has dire consequences on the immature brain. Preterm infants <29 weeks GA 125 
who received unintentional high VT ventilation (>6 ml/kg, where median normal VT is 4.2-5.8 ml/kg) 126 
in the delivery room had a nearly four-fold higher incidence of IVH than infants who received 127 
normal VT (<6 ml/kg; 51% vs 13%) (Mian et al., 2014, 2019). 128 

Other mechanisms by which PPV leads to lung injury are barotrauma (e.g., high airway pressure), 129 
atelectrauma (e.g., repeated opening and closing of collapsed airways), and biotrauma (Jobe and 130 
Ikegami, 1998; Attar and Donn, 2002; Schmölzer et al., 2008; Curley et al., 2016). Systemic 131 
inflammation secondary to lung injury can also initiate cerebral inflammation which is a major cause 132 
of brain injury. Inappropriate ventilation pressures and volumes can also trigger the hemodynamic 133 
pathway of injury to cause hemorrhagic brain injury (Barton et al., 2015b).  134 

2.2 Mechanical Ventilation in the Neonatal Intensive Care Unit 135 

Preterm infants often continue to require respiratory support after transfer to the NICU. In Australia 136 
and New Zealand, up to 95.0% of very and extremely preterm babies (<32 weeks GA) and 91.3% of 137 
moderate to late preterm infants (32-36 weeks GA) needed assisted ventilation in the NICU, with 138 
each baby receiving on average 8.8 days of assisted ventilation (Chow et al., 2019). A cohort study in 139 
South Korea reported that 38.5% of VLBW preterm infants received >7 days of mechanical 140 
ventilation (Choi et al., 2018). Importantly, the trends for long-term respiratory support in preterm 141 
infants do not seem to be decreasing (Lundqvist et al., 2009; Chow et al., 2019).  142 

Prolonged periods of mechanical ventilation increases the risks of IVH (Serenius et al., 2004a; Aly, 143 
2005), periventricular leukomalacia or white matter injury (Serenius et al., 2004a; Gagliardi et al., 144 
2009; Albertine, 2012; Barnett et al., 2018; Choi et al., 2018), cerebral palsy (Tsai et al., 2014), and 145 
attention deficit hyperactivity disorder (Tsai et al., 2014) in preterm infants. In a retrospective 146 
analysis of extremely low birth weight infants, most of whom were extremely preterm, only 24% of 147 
infants who were ventilated for ≥60 days and 7% of those ventilated for ≥90 days survived without 148 
neurodevelopmental impairments (Walsh et al., 2005). All infants who had been ventilated for ≥120 149 
days and survived suffered some form of neurodevelopmental impairment (Walsh et al., 2005).  150 

Compared to the initiation of PPV in the delivery room, PPV in the NICU is much more controlled 151 
with sophisticated equipment and vigilant monitoring of ventilation parameters (Vento et al., 2008). 152 
The precise cause of VIBI in this setting has not been thoroughly investigated, with additional 153 
confounding factors such as analgesia and anesthetics (Kumar et al., 2010; Andropoulos, 2018; Lee 154 
and Loepke, 2018), oxygenation (Albertine, 2012), and a plethora of other NICU interventions for a 155 
range of primary and/or secondary complications that need to be considered. However, it is known 156 
that the duration of ventilation is an important determinant of neurodevelopmental morbidities 157 
(Walsh et al., 2005; Albertine, 2012; Vliegenthart et al., 2019).  158 
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Attempts to shift management encouraging earlier extubation or less invasive ventilation strategies 159 
have not translated to improved neurological outcomes in preterm infants (Behnke et al., 2019). 160 
Furthermore, limiting the duration of mechanical ventilation to reduce complications is not always 161 
feasible with preterm infants. Therefore, it is imperative to devise treatments for unavoidable brain 162 
injury from prolonged respiratory support.  163 

3 Using Animal Models to Investigate Ventilation-Induced Brain Injury 164 

Clinical observations discussed above underpin the need to understand mechanisms through which 165 
respiratory support causes brain injury, to allow focused clinical strategies or new therapies aimed at 166 
improving outcomes. However, such investigations are not necessarily achievable in preterm infants 167 
since respiratory support cannot be studied in isolation. Herein lies the value of using animals for 168 
comprehensive characterization of VIBI through imaging, physiological, immunohistochemical, and 169 
molecular techniques. Animals can also be used to model various conditions such as growth 170 
restriction and chorioamnionitis to more closely interrogate VIBI under conditions of compromised 171 
pregnancies. 172 

Studies using large animals, most often sheep, to model ventilation-induced injury can be categorized 173 
by experimental technique (fetal [head-out or in utero ventilation] or neonatal ventilation) and 174 
period/duration of ventilation (acute or chronic) [Figure 1]. These different experimental techniques 175 
enable replication of specific scenarios of preterm respiratory support, including the initial 176 
resuscitation in the delivery room and prolonged care in the NICU.  However, with all models, an 177 
understanding of the strengths and limitations is essential for appropriate interpretation of the 178 
findings and potential replication in clinical trials. 179 

3.1 Balance Between Lung and Brain Development in Large Animal Models 180 

An inevitable limitation to using large animals to model neonatal conditions is the difference in 181 
developmental milestones of major organ systems and physiology compared to humans. The 182 
animal’s age cannot be chosen based on gestation duration alone since an animal at 0.65 gestation is 183 
not necessarily developmentally equivalent to a human at 0.65 gestation. Instead, the crucial factor is 184 
the stage of development of the organ of interest. This proves challenging for models of VIBI as the 185 
developmental milestones of both the brain and lungs must be considered. Detailed comparisons of 186 
species-specific lung development and anatomical features have previously been compiled (Yoder 187 
and Coalson, 2014; Albertine, 2015; Schittny, 2017) and comparisons for brain development are 188 
summarized in Table 1. This presents a conundrum: how do we balance desired stage of brain 189 
development with lung maturation? 190 

Non-human primate studies have used baboons (Papio papio; Papio cynocephalus) delivered at 125 191 
days (term is 185 days; 0.68 gestation) which have similar lung development to an infant born at 26 192 
weeks preterm age (Yoder and Coalson, 2014). At this stage, brain development is comparable to that 193 
of a 26-28 week-old extremely preterm human infant (Dieni et al., 2004). While these developmental 194 
stages are congruent, there are significant technical challenges as well as practical, financial and 195 
ethical concerns associated with the use of non-human primates (Phillips et al., 2014). Thus, even 196 
though they are the closest animal models to humans and offer vital insights to developmental studies 197 
(Phillips et al., 2014), non-human primate models of VIBI are relatively less commonly pursued. 198 

Piglets (Sus scrofa) have been proposed to be suitable for studying neurodevelopment and cerebral 199 
consequences of early life insults (Conrad and Johnson, 2015). A piglet at 91-94 days gestation (term 200 
is 115 days; 0.8 gestation) is physiologically similar to a 23-25 week extremely preterm infant in 201 
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terms of lung development and the requirement for respiratory support for survival (Eiby et al., 202 
2013). Neurodevelopment of the piglet at this GA is slightly more mature, comparable instead to a 203 
moderate to late preterm human infant (Sweasey et al., 1976; Conrad and Johnson, 2015). Besides 204 
this developmental mismatch, there are significant challenges in performing fetal surgery and chronic 205 
instrumentation in pigs due to relatively large litters and the large size of the sow.  Hence, piglets 206 
have not been widely used in VIBI studies that require these techniques. The suitability of piglets in 207 
postnatal ventilation studies for VIBI has not been extensively explored.  208 

Similarly, brain maturation in sheep (Ovies aries) advances more rapidly in late gestation than 209 
development of the lungs, relative to humans. Previous studies in preterm lambs that have 210 
investigated VIBI were performed at the earliest GA at which the lambs were viable with respiratory 211 
support (125 days where term is 148 days; 0.85 gestation; structural lung development comparable to 212 
a 26-28 week human infant (Alcorn et al., 1981; Schittny, 2017)). However, a limitation is that the 213 
fetal sheep brain development at 125 days gestation is comparable to a late preterm or term human 214 
fetus on the basis of white matter maturation (Barlow, 1969; Back et al., 2006). Studies using lambs 215 
at this gestation have investigated the effect of respiratory support for up to 4 weeks on chronic lung 216 
injury (Albertine et al., 1999), but have only looked at VIBI up to 24 h of ventilation (Malhotra et al., 217 
2018).  218 

3.2 Modelling of Acute VIBI 219 

Animal studies to date have focused on VIBI downstream of lung injury resulting from volutrauma in 220 
the delivery room. The rationale behind these studies is that clinical findings have shown that 221 
variable VT during delivery room resuscitation can be outside recommended limits (Schmölzer et al., 222 
2010; Schilleman et al., 2013; van Vonderen et al., 2015).  223 

Observed VT during mask ventilation can range from 0-31 ml/kg (Schmölzer et al., 2010; Schilleman 224 
et al., 2013; van Vonderen et al., 2015) and VT during endotracheal tube ventilation has been reported 225 
to be 3.9-9.6 ml/kg (van Vonderen et al., 2015). The upper ranges of these VT are higher than the 226 
recommended 4-8 ml/kg for very and extremely preterm infants (Schmölzer et al., 2010). This is 227 
critical as we have known for decades that as few as six manual inflations of high VT (35-40 ml/kg) 228 
are enough to induce injury in immature, surfactant-deficient lungs of preterm lambs (Björklund et 229 
al., 1997). Sheep studies that have investigated acute VIBI have similarly found that brief periods of 230 
high VT ventilation resulted in detectable brain injury as early as 90 min after ventilation onset 231 
(Polglase et al., 2012a, 2012b, 2014b; Skiöld et al., 2014; Barton et al., 2015b, 2016a). Importantly, 232 
even if recommended VT is delivered, the act of respiratory in itself can activate an immune response 233 
in immature respiratory units (Jobe and Ikegami, 1998; Attar and Donn, 2002; Curley et al., 2016).  234 

To isolate this initial period of injurious respiratory support, akin to poorly regulated VT in the 235 
delivery room, sheep studies have employed an acute high VT ventilation strategy: 15 min injurious 236 
ventilation with stepwise increments of VT to achieve a high target VT of 10-15 ml/kg, which is 2-3 237 
times the normal VT of lambs for that GA (125 days of term 148 days; ~5-7 ml/kg) (Polglase et al., 238 
2012a, 2012b, 2014b; Skiöld et al., 2014; Barton et al., 2015b, 2016a). Thereafter, lambs are 239 
sustained on appropriate respiratory support (neonatal model) or returned to the uterus (head-out 240 
model) to allow for the inflammation and injury pathways to manifest into gross lung/brain injury. 241 
These studies have provided valuable information on the pathology and mechanisms of acute VIBI 242 
(discussed in Section 4). 243 

3.3 Chronic Models of VIBI 244 
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The majority of animal models used to model VIBI are acute, focusing on the initial hours after birth. 245 
This is mainly due to inherent problems with maintaining animals for long periods of time. In 246 
particular, the problem with maintaining respiratory support for long periods of time in newborn 247 
animal models is the inability to control for specific factors, due to the need to introduce increasing 248 
levels of neonatal intensive care – akin to that of looking after a chronically ventilated preterm infant. 249 
To get around this problem, animal models have utilized respiratory support via a head-out approach 250 
or entirely in utero [Figure 1]. Using these techniques, the intact placental circulation manages 251 
nutrition and gas exchange of the fetus, allowing subtle mechanisms of respiratory support to be 252 
examined. In the head-out approach, the fetus’s head and chest are exteriorized, the fetus is intubated 253 
and ventilation with various strategies altering delivered volume, pressures, respiratory frequencies, 254 
or oxygen content, and then returned to the uterus (Hillman et al., 2007, 2010, 2011; Alahmari et al., 255 
2017b; Kothe et al., 2018). In utero ventilation (IUV) studies require the fetus to be exteriorized and 256 
instrumented with ventilation tubes and equipment required for monitoring prior to being returned to 257 
the uterus. After a recovery period for the ewe and fetus, the fetus is ventilated via the externalized 258 
ventilation tubes for various times, although to date the longest has been 12 h (Allison et al., 2008, 259 
2010; Hodges et al., 2012). IUV has been used in fetal sheep to study cardiopulmonary physiology 260 
(Iwamoto et al., 1993; Giraud et al., 1995), lung mechanics (Blanco et al., 1987), and ventilation-261 
induced lung injury (Allison et al., 2008; O’Reilly et al., 2009; Hodges et al., 2012). While cerebral 262 
physiological responses to IUV have been investigated previously (Gleason et al., 1988), 263 
histopathology of brain injury after IUV has not been reported. 264 

It is obvious that these in utero models are not designed with the intention to replicate clinical 265 
situations given that prolonged neonatal studies are more reflective of current clinical care. Instead, 266 
they provide the opportunity to manipulate specific ventilatory parameters in isolation so that we can 267 
better understand the contribution of a sole variable to lung and brain injury. Importantly, the IUV 268 
model allows ventilation of a fetus at a younger gestation than would be viable postnatally. This is 269 
advantageous, especially in ovine models, as the stage of brain development will be more comparable 270 
to that of extremely preterm infants. 271 

4 Understanding VIBI from Injurious Respiratory Support in the Delivery Room 272 

4.1 Animal Studies That Investigate Pathology of VIBI 273 

Studies in preterm lambs have characterized acute white matter changes following 15 min of 274 
injurious high VT ventilation (Polglase et al., 2012a, 2012b, 2014b; Skiöld et al., 2014; Barton et al., 275 
2015b, 2015a, 2016a; Stojanovska et al., 2018b). High VT ventilation causes a robust pulmonary 276 
inflammatory response which increases systemic and cerebral inflammation, characterized by 277 
elevated IL-6 and IL-8 messenger ribonucleic acid (mRNA) levels in the periventricular and 278 
subcortical white matter of the brain in ventilated preterm lambs (Polglase et al., 2012a; Barton et al., 279 
2015a, 2016a). Increased microglial activation and aggregation, and a higher incidence of vascular 280 
protein extravasation (indicative of a compromised blood-brain barrier) and cerebral hemorrhage in 281 
the same regions were also observed (Polglase et al., 2012a; Barton et al., 2016a; Stojanovska et al., 282 
2018b) . Injurious ventilation did not alter expression of myelin basic protein (MBP; oligodendrocyte 283 
marker) in the internal capsule or neuronal nuclei (NeuN; neuron marker) in the thalamus (Alahmari 284 
et al., 2017a) and did not increase inflammation or injury in grey matter (Stojanovska et al., 2018a). 285 

Importantly, pathology resultant from injurious ventilation can be visualized using non-invasive 286 
imaging such as magnetic resonance imaging (MRI) (Skiöld et al., 2014; Alahmari et al., 2017b, 287 
2017c) and correlated with histopathology (Alahmari et al., 2017a). Magnetic resonance 288 
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spectroscopy (MRS) detected acute changes in brain metabolite peak-area ratios (Lactate/Creatine 289 
and Lactate/Choline) in preterm lambs that received high VT although macroscopic injury was absent 290 
in structural MR images (T1,T2) (Skiöld et al., 2014). Alterations in MRS-detected metabolite levels 291 
relate to neuronal damage and potentially predict subsequent neurodevelopmental impairments 292 
(Bapat et al., 2014; Hyodo et al., 2018). Notably, these MRS changes were observed within 90 min 293 
of ventilation onset (Skiöld et al., 2014). Recent findings suggest that MRS-detectable changes 294 
persist 24 h after injurious ventilation (Alahmari et al., 2017b). Diffusion tensor imaging (DTI) 295 
perhaps offers the most sensitive measures of early brain injury. DTI detected decreased diffusivity 296 
measures in the frontal white matter (axial, radial, and mean) and internal capsule (axial) in preterm 297 
lambs 24 h after injurious ventilation (Alahmari et al., 2017b). These parameters have been suggested 298 
to correlate with myelination deficits (Alahmari et al., 2017b).  299 

4.2 Mechanistic Insight from Animal Studies 300 

Several explanations have been put forward to link ventilation and brain injury. Studies in ventilated 301 
preterm lambs have identified two major pathways of acute VIBI: cerebral inflammation and 302 
hemodynamic instability (Polglase et al., 2012a, 2014b; Barton et al., 2015b; Alahmari et al., 2017b). 303 
Both pathways are proposed to be downstream effects of the pulmonary consequences following 304 
ventilation (Polglase et al., 2012a, 2014b; Barton et al., 2015b). Incidentally, these key VIBI 305 
pathways mirror those of preterm brain injury – suggesting compounded risk of injury in preterm 306 
infants. These mechanisms have been reviewed previously (Barton et al., 2015b).  307 

Briefly, the inflammatory pathway of VIBI involves upregulation of pro-inflammatory cytokines 308 
(e.g., IL-6, IL-8) and activation of microglia and astrocytes within the developing white matter of the 309 
brain (Khwaja and Volpe, 2007).  Injurious ventilation initiates a profound pulmonary inflammatory 310 
response caused by volutrauma, barotrauma, atelectrauma, and/or biotrauma (Jobe and Ikegami, 311 
1998; Attar and Donn, 2002; Schmölzer et al., 2008; Curley et al., 2016). This inflammatory cascade 312 
is associated with systemic inflammation and subsequent localized inflammation and injury in the 313 
white matter involving glia cells (Polglase et al., 2012a, 2014b; Barton et al., 2015b). Activated 314 
microglia and astrocytes are thought to mediate the destruction of cells in the oligodendrocyte 315 
lineage, contributing to hypomyelination and diffuse white matter injury that can underlie long-term 316 
neurological sequelae such as cerebral palsy (Khwaja and Volpe, 2007; Back and Rosenberg, 2014).   317 

The hemodynamic pathway of injury refers to significant alterations, caused by PPV and atypical to 318 
hemodynamic changes during the transition at birth, to pulmonary blood flow and consequently 319 
cardiac output and cerebral blood flow (CBF) (Polglase et al., 2012a, 2014b). During PPV, applying 320 
a high pressure into the airways decreases pulmonary capillary transmural pressure, causing 321 
compression of intra-alveolar capillaries, hence increasing capillary resistance and decreasing 322 
pulmonary blood flow (Polglase et al., 2014b; Barton et al., 2015b). This reduces pulmonary venous 323 
return, left ventricular output, and accordingly alters CBF (Polglase et al., 2012a, 2014b; Barton et 324 
al., 2015b). Arterial blood pressure variability within a physiological range is not usually a problem 325 
because it is compensated by pressure-flow autoregulation to sustain a stable CBF. This involves 326 
constriction and dilation of arteries to alter cerebral vasculature resistance in response to changing 327 
perfusion pressures (Greisen, 2005).  The autoregulatory plateau, bounded by lower and upper limits 328 
of arterial pressure, has been postulated to be narrower in preterm infants with decreasing GA 329 
(Verma et al., 2000; Greisen, 2005; du Plessis, 2009). Moreover, it has been suggested that preterm 330 
delivery or treatments reflective of clinical care of the preterm infant, including mechanical 331 
ventilation, affects cerebral autoregulation (Czynski et al., 2013). Prolonged CBF fluctuations for 332 
more than 10 to 20s has been defined as cerebral hemodynamic instability (Gilmore et al., 2011). The 333 
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initiation of ventilation in preterm lambs caused CBF instability in the initial 15 min, even when a 334 
gentle strategy was use (Polglase et al., 2012b); the variability in CBF amplified when an injurious 335 
high VT strategy was used (Polglase et al., 2012a). Clinically, 91% of babies with respiratory distress 336 
syndrome who had fluctuating CBF after 12 h of life subsequently had an IVH (Perlman et al., 1983), 337 
highlighting the critical importance of preventing fluctuations in hemodynamics immediately after 338 
birth.  339 

The relative contribution of each pathway towards the progression of white matter injury discussed in 340 
Section 4.1 is unknown although a recent study suggests that the hemodynamic pathway has an 341 
additive effect on the inflammatory pathway on injury progression, but the inflammatory pathway 342 
seems to dominate (Alahmari et al., 2017b). 343 

5 Understanding VIBI from Ventilation in the Neonatal Intensive Care Unit 344 

Ventilation studies in preterm baboons and lambs suggest that the brain injury underlying 345 
neurodevelopmental impairments in chronically ventilated preterm infants involves subtle diffuse 346 
white and grey matter lesions, often without intraventricular or germinal matrix hemorrhage and 347 
overt lesions or infarcts (Dieni et al., 2004; Rees et al., 2007; Loeliger et al., 2009b, 2009a; Albertine, 348 
2012). This indicates a potentially distinct mechanism of injury to acute VIBI sustained in delivery 349 
room settings.  350 

Preterm baboons have been used extensively to study the impact of prolonged mechanical ventilation 351 
(2-4 weeks) on the lungs (Coalson et al., 1999; Yoder et al., 2000; Albertine, 2015) and, more 352 
recently, the brain (Loeliger et al., 2006, 2009b; Verney et al., 2010). In these studies, preterm 353 
baboons (125 days of term 185 days; 0.68 gestation) are cared for with similar interventions to that of 354 
preterm infants in the NICU, including mechanical ventilation using a gentle strategy to maintain VT 355 
at 4-6 ml/kg with adequate chest motion (Yoder et al., 2000; Dieni et al., 2004). While not 356 
investigating injury from ventilation per se, the brain injury observed in these animals is not from any 357 
direct insult or influenced by potentiating conditions associated with preterm birth or an adverse 358 
uterine environment. The subtle neuropathologies from preterm birth and subsequent intensive care 359 
alone closely resemble what is observed clinically (Dieni et al., 2004; Rees et al., 2007; Loeliger et 360 
al., 2009b; Griffith et al., 2012). After 14 days of ventilator support, preterm baboon brains had 361 
delayed gyrification (Rees et al., 2007; Loeliger et al., 2009a), reduced brain weight (Rees et al., 362 
2007; Loeliger et al., 2009b, 2009a), reduced white and grey matter volumes (Loeliger et al., 2009b, 363 
2009a), increased white and grey matter injury (Dieni et al., 2004), increased astrogliosis in the 364 
forebrain (Loeliger et al., 2009b), increased ramified microglia (Loeliger et al., 2009b), and a 365 
reduction of oligodendrocytes (Loeliger et al., 2009b, 2009a) compared to gestation-matched 366 
controls. These histopathological indices correlated with microstructural and macrostructural changes 367 
detected by ex vivo MRI (Griffith et al., 2012).  368 

Additionally, the effects of shorter durations of controlled NICU respiratory support have been 369 
investigated in sheep. Preterm lambs (125 days of term 145 days; 0.85 gestation) ventilated with a 370 
non-injurious strategy (VT at 5-7 ml/kg) had increased IL-8 and connective tissue growth factor 371 
(CTGF) mRNA levels and decreased vascular occludin protein density in the white matter after 2 h 372 
(Allison et al., 2017). When the length of ventilation was extended to 24 h, ventilated lambs had 373 
increased astrogliosis within cortical grey matter but otherwise no apparent neuropathology or 374 
changes in glial cell populations compared to unventilated control lambs (Malhotra et al., 2018).  375 
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Both the preterm baboon and lamb models discussed are neonatal ventilation models. However, as 376 
mentioned above, a disadvantage of the neonatal ventilation model is the intensive care requirements 377 
of maintaining a preterm animal for significant periods of time, making them more akin to human 378 
studies where individual parameters cannot be teased apart unless large numbers of animals are used, 379 
which is financially unviable. This is where the IUV model may be advantageous if used for 380 
extended periods beyond 24 h.  381 

6 Influence of the Antenatal Environment on Respiratory Support and VIBI 382 

Work explored in the previous sections have studied the pathology and mechanisms of VIBI in 383 
preterm but otherwise healthy animals. The ability to isolate effects of respiratory support with 384 
minimal confounding factors is vital and these findings provide a foundation to explore therapeutic 385 
options to minimize VIBI which will be discussed in section 6 of this review. However, it is 386 
important to consider that the clinical situation is much more complex – many preterm infants will 387 
have been exposed to adverse uterine environments which may increase their risk of VIBI.  388 

6.1 Adverse Antenatal Conditions Alter Responses to Postnatal Respiratory Support 389 

Adverse antenatal conditions such as fetal growth restriction and intrauterine inflammation have 390 
independently been associated with adverse neurodevelopmental outcomes in preterm infants (Miller 391 
et al., 2016; Sharma et al., 2016). Further, these infants often require respiratory support after birth, 392 
increasing the risk of brain injury. Yet, there is a paucity of information on how these antenatal 393 
conditions alter the response these infants have to ventilation and if this contributes to VIBI.   394 

6.1.1 Fetal Growth Restriction and VIBI 395 
Fetal growth restriction (FGR) is a condition where the fetus fails to reach its projected growth 396 
potential, often due to placenta insufficiency (Sharma et al., 2016). FGR fetuses are sometimes 397 
delivered preterm to prevent deterioration in an adverse in utero environment (Sharma et al., 2016), 398 
thus many will require respiratory support due to prematurity. FGR fetuses have altered 399 
cardiovascular and vascular function, most notably the characteristic “brain-sparing” phenomenon by 400 
redirecting blood flow and oxygen delivery to important organs including the heart, adrenals, and 401 
brain. These adaptations persist to early postnatal life and may affect how a growth-restricted infant 402 
responds to ventilation. Preterm growth-restricted lambs ventilated with a gentle non-injurious 403 
strategy for 24 h had disrupted interaction of astrocyte end-feet with cerebral blood vessels, increased 404 
microgliosis, and increased oxidative stress compared to their unventilated counterparts and to 405 
ventilated preterm appropriately-grown lambs (Malhotra et al., 2018). Notably, differences between 406 
growth-restricted and appropriately grown lambs were evident after 2 h of ventilation (Allison et al., 407 
2017). This suggests that growth restricted infants may be at increased risk of VIBI, perhaps in part 408 
due to differences in the neurovascular unit and blood-brain barrier properties (Allison et al., 2017; 409 
Malhotra et al., 2018). 410 

6.1.2 Intrauterine Inflammation and VIBI 411 
Intrauterine inflammation, which most commonly presents as chorioamnionitis, is a major cause of 412 
preterm birth (Goldenberg et al., 2008). Antenatal inflammation alters the vulnerability and response 413 
of the immature brain to ventilation (Polglase et al., 2012b; Barton et al., 2014; Alahmari et al., 414 
2017c). Lipopolysaccharide(LPS)-mediated inflammation in utero amplified cerebral hemodynamic 415 
instability during the initiation of ventilation in preterm lambs (Polglase et al., 2012b). Compared to 416 
saline controls, these lambs that had been exposed to LPS 2 or 4 days before preterm delivery had 417 
increased inflammation, vascular extravasation, and microhemorrhages in cerebral white matter 418 



 Large Animal Models of Ventilation-Induced Brain Injury  

 
11 

regions after ventilation (Polglase et al., 2012b). Further, injurious ventilation increased the number 419 
of apoptotic cells (TUNEL+ cells) in the subcortical white matter of LPS-exposed lambs, compared to 420 
their unventilated counterparts (Barton et al., 2014). Injurious ventilation had no obvious acute 421 
detrimental effects on white matter (Alahmari et al., 2017a) and grey matter (Stojanovska et al., 422 
2018a) compared to injuriously ventilated healthy preterm lambs and to LPS-exposed lambs that 423 
received gentle ventilation. Brain macro- and microstructure as assessed by MRI and DTI were 424 
similarly not different (Alahmari et al., 2017a, 2017c). However, a novel DTI color map threshold 425 
technique detected lower diffusivity indices in white matter regions of the brain, indicative of subtle 426 
brain injury in the ventilated lambs that were exposed to inflammation prior to delivery (Alahmari et 427 
al., 2017c). Importantly, using a non-injurious ventilation strategy did not mitigate VIBI in the LPS-428 
exposed lambs (Barton et al., 2014). Clinically, histologic chorioamnionitis is associated with a 429 
longer cumulative duration of mechanical ventilation in VLBW infants (Choi et al., 2018), thereby 430 
increasing the risk of VIBI. However, the combination of chorioamnionitis and prolonged ventilation 431 
has not been investigated in large animals and the potential cerebral effects are unknown. 432 

6.2 Cerebral Effects of Antenatal Medical interventions 433 

Corticosteroid administration is a common antecedent to preterm birth, where antenatal 434 
glucocorticoids (betamethasone and dexamethasone) are given to accelerate fetal lung maturation 435 
before preterm labor (Roberts et al., 2017). Clinically, antenatal glucocorticoid administration is 436 
suggested to reduce the incidence and severity of IVH (Roberts et al., 2017) and does not affect 437 
subsequent development of subsequent childhood mental and behavioral disorders in preterm infants 438 
(Räikkönen et al., 2020). However, information on its interaction with respiratory support is scant. A 439 
recent study found that antenatal betamethasone improved cerebral hemodynamic instability in 440 
preterm lambs that received 15 min of high VT injurious ventilation followed by 75 min non-441 
injurious ventilation (Stojanovska et al., 2018b). However, there was an increase in the percentage of 442 
amoeboid microglia in the periventricular white matter, the number of vessel profiles with protein 443 
extravasation in the subcortical white matter, and malondialdehyde levels in cerebrospinal fluid, 444 
suggesting increased inflammation and oxidative stress in betamethasone-treated animals than their 445 
saline-treated counterparts ventilated with the same protocol (Stojanovska et al., 2018b). This 446 
potential increased risk of VIBI following antenatal betamethasone administration may lie in the 447 
increased lung compliance and hence susceptibility of the lungs to volutrauma rather than a direct 448 
cerebral effect (Stojanovska et al., 2018b).   449 

It is crucial to consider that antenatal glucocorticoid administration may have additional interactions 450 
with the conditions mentioned above; for example, growth restricted fetuses have different 451 
hemodynamic responses to antenatal glucocorticoids compared to appropriately grown fetuses 452 
(Miller and Wallace, 2013). Maternal betamethasone administration increased fetal cardiac output 453 
and blood flow to major organs whereas cardiac output was decreased and blood flow to major 454 
organs remained unchanged in control fetuses (Miller et al., 2009). Furthermore, there were transient 455 
decreases in carotid blood flow, an index for CBF, in both control and FGR fetuses. While CBF of 456 
control fetuses were stable after returning to baseline levels, FGR fetuses displayed a persistent 457 
rebound increase in carotid blood flow from 10 h after treatment (Miller et al., 2007). Whether these 458 
altered responses are beneficial or harmful in the context of VIBI needs to be ascertained. Indeed, 459 
little is known about the combined effects of adverse antenatal conditions, antenatal glucocorticoid 460 
administration, and postnatal respiratory support on brain injury in the preterm infant. Large animal 461 
models of VIBI may provide a means to address this.  462 

7 Bench to Bedside 463 
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Establishing reliable animal models with reproducible neuropathology that is reflective of injury seen 464 
clinically expedites efforts to test novel potential interventions and/or therapeutic candidates. 465 
Potential treatments for VIBI and their mechanisms of actions have recently been discussed in detail 466 
by Barton et al. (Barton et al., 2016b) and this remains an active area of research.  467 

In the delivery room setting, physiological-based cord clamping (PBCC) can stabilize pulmonary, 468 
systemic, and cerebral circulation in preterm (Bhatt et al., 2013; Polglase et al., 2015) and near-term 469 
lambs (Polglase et al., 2018), essentially mitigating the hemodynamic pathway of injury, but it is 470 
unlikely to prevent VIBI resultant from the inflammatory pathway. PBCC refers to delaying 471 
umbilical cord clamping until respiration has been initiated and established in the newborn or 472 
providing respiratory support prior to umbilical cord clamping (Bhatt et al., 2013; Polglase et al., 473 
2015, 2018). Thus, a therapy that targets both pathways of VIBI, with a focus on modulating 474 
inflammation, is required. To date, animal experiments have investigated short-term effects of 475 
erythropoietin (EPO) and human amnion epithelial cells (hAECs) as prophylactic postnatal 476 
treatments for VIBI resultant from acute volutrauma (Barton et al., 2015a, 2016a; Chan et al., 2017). 477 
These treatments have proposed mechanisms of action that make them ideal candidates for 478 
neuroprotection. EPO has anti-inflammatory, anti-apoptotic, and neurotrophic properties while 479 
hAECs are anti-inflammatory and reparative (Barton et al., 2016b).  480 

When administered to preterm lambs that received 15 min of injurious high VT ventilation, single 481 
early low doses of 300 IU/kg and 1000 IU/kg human recombinant EPO did not reduce or exacerbate 482 
lung and brain injury (Chan et al., 2017; Allison et al., 2019), suggesting that EPO doses presently 483 
used in clinical trials appear to be safe for preterm infants receiving respiratory support. However, 484 
they appear to not be efficacious as a therapy for VIBI given the lack of therapeutic potential 485 
observed. High doses of EPO of 3000 IU/kg and 5000 IU/kg increased cerebrospinal fluid EPO 486 
levels to “neuroprotective levels” (>100 mU/ml (Juul et al., 2004)) within 2 h of administration 487 
(Barton et al., 2016a; Chan et al., 2017). These high doses respectively had a protective effect on 488 
blood-brain barrier integrity (Chan et al., 2017) and differential regional effects on white matter 489 
(Barton et al., 2016a) despite both doses amplifying lung inflammation and injury (Polglase et al., 490 
2014a; Allison et al., 2019). Together, these data highlight a complex dose response with distinct 491 
effects on the lungs and brain, indicating that further investigation is required to elucidate the 492 
efficacy of EPO in the context of a preterm infant requiring respiratory support.  493 

In a similar study, preterm lambs that received high VT ventilation were administered an intratracheal 494 
infusion of 9x107 hAECs before ventilation onset and an additional intravenous dose of 9x107 hAECs 495 
within 5 min of delivery (total 1.8 x108 hAECs) (Barton et al., 2015a; Melville et al., 2017). The cells 496 
were able to enter the brain within 2 h of administration, as detected by fluorescent cell labelling in 497 
the frontal and parietal periventricular and subcortical white matter of the brain (Barton et al., 2015a). 498 
Cell administration reduced microgliosis and vascular protein extravasation (Barton et al., 2015a), 499 
potentially as a downstream effect of reduced pulmonary inflammation (Melville et al., 2017). 500 
However, hAECs did not stabilize hemodynamic transition or modulate systemic inflammation 501 
within the brief period of the experiment, and conversely they induced an increase in pro-502 
inflammatory cytokine mRNA levels within the brain (Barton et al., 2015a; Melville et al., 2017). 503 
Further long-term effects of hAECs on acute VIBI have not been investigated to accurately determine 504 
the interaction of hAECs and ventilation on the preterm brain.   505 

Chronic ventilation studies in animals have so far focused on treatments to reduce lung rather than 506 
brain injury. Sheep fetuses ventilated in utero for 12 h and administered intratracheal infusion of 507 
3x107 hAECs and an intravenous dose of 3x107 hAECs at 3 h and 6 h after ventilation onset (total 508 
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1.2x108 hAECs) demonstrated a reduction in ventilation-induced lung injury (Hodges et al., 2012), 509 
and as such may have the potential to reduce VIBI but this remains a speculation.  510 

While the above strategies have some promise, it is unlikely that a single strategy will prevent or 511 
reduce VIBI. The key might lie in a multipronged approach that involves reducing the requirement 512 
for or duration of respiratory support, optimizing how PPV is administered to avoid adverse effects, 513 
and reducing the sequelae of unpreventable adverse effects of PPV [Figure 2].  514 

In this regard, researchers in The Netherlands have investigated the use of caffeine in the delivery 515 
room, showing improved respiratory efforts of preterm infants (24-30 weeks GA), potentially 516 
reducing the need for invasive respiratory support in this setting (Dekker et al., 2017). Further, 517 
spontaneous respiratory drive is a determinant of effective use of gentle non-invasive respiratory 518 
support (Amaro et al., 2018). However, caffeine administration to mechanically ventilated preterm 519 
infants (23-30 weeks GA) in the first 5 days of life did not encourage early extubation or decrease 520 
ventilation duration in the NICU (Amaro et al., 2018; Jain et al., 2019). The trial was terminated due 521 
to safety concerns, making it difficult to interpret results and secondary outcome findings of 522 
morbidities including BPD and IVH (Amaro et al., 2018; Jain et al., 2019).  In contrast, caffeine had 523 
neuroprotective effects in very preterm infants when assessed at 18 months’ corrected age (Schmidt 524 
et al., 2007; Lodha et al., 2019), in part attributed to earlier discontinuation of PPV and decreased 525 
rates of bronchopulmonary dysplasia (Schmidt et al., 2006; Lodha et al., 2015). The treatment 526 
benefits of caffeine administered in the first 10 days of life on neurobehavioral and functional 527 
cognitive outcomes were less pronounced at 5- and 11-years follow-up, with only slight but 528 
statistically significant improvements to motor outcomes observed (Schmidt et al., 2012, 2017; 529 
Mürner-Lavanchy et al., 2018). Earlier administration of caffeine within the first 2 days of life has 530 
been associated with improved neurodevelopmental outcomes at 18 to 24 months’ corrected age 531 
compared to late administration (Lodha et al., 2019) but whether these benefits persist have not been 532 
reported. Certainly, these contradictory findings highlight the need to better understand the 533 
interaction of caffeine, respiratory support, and neurodevelopmental outcomes. Independently, 534 
caffeine has been postulated to have neuroprotective properties by reducing inflammation, reducing 535 
periventricular white matter injury, and stabilizing hemodynamics in preterm infants (Lodha et al., 536 
2019).   537 

Correspondingly, protective ventilation strategies have reduced brain inflammation and vascular 538 
protein extravasation but do not completely mitigate injury in preterm lambs (Polglase et al., 2012a, 539 
2014b; Barton et al., 2014; Skiöld et al., 2014). Together, these indicate that our current efforts to 540 
minimize the need for respiratory support and, where respiratory support is necessary, improve the 541 
way PPV is administered are inadequate to prevent VIBI. Large animal models will likely play a key 542 
role in studies focusing on stimulating respiratory function at birth and optimizing the delivery of 543 
non-invasive respiratory support to minimize lung and brain inflammation and injury. Additionally, 544 
there is an apparent need to devise treatments and large animal models of VIBI provide a means to 545 
address this. 546 

8 Summary 547 

This review highlights the necessity of large animal models when investigating the relationship 548 
between invasive respiratory support, the lungs, and the brain in the preterm infant. These models 549 
provide a powerful research tool; a combination of physiological, histological, molecular and 550 
imaging techniques provides an integrated picture of the interactions between respiratory support and 551 
the immature brain which is difficult to obtain in a clinical setting. 552 
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Recognizing the consequences of respiratory support on the immature brain will encourage 553 
development of effective therapies to prevent or treat VIBI in otherwise healthy preterm infants. 554 
VIBI should also be considered when investigating treatments for other conditions such as fetal 555 
growth restriction, chorioamnionitis, and hypoxic injury where the compromised infant will often 556 
receive respiratory support. 557 

  558 
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13 Table  984 

Table 1. Comparative gestational ages for key brain development processes in the human, baboon, 985 
and sheep.  986 

Developmental process Human  
(term 40 weeks) 

Baboon  
(term 185 days) 

Sheep  
(term 145 days) 

Weight    
Growth spurt 26-28 wk 125-140 d 85-100 d 

Cortical folding    
Primary  ev 26-28 wk ev 125 d ev 71-89 d 
Secondary  ev 32-34 wk ev 140 d n.d. 
Tertiary  ev 40-44wk ev 160 d n.d. 
Six distinct cortical layers ev 28 wk ev 125 d ev 89 d 

Neurogenesis and Gliogenesis    
Main neuronal 
multiplication 

10-15 wk n.d. 40-80 d 

Main glial multiplication 36-40 wk n.d. 95-130 d 
Myelination    

Periventricular white matter 
(preOL predominant)  23-28 wk n.d. 93-99 d 

Internal capsule ev 32 wk ev 125 d ev 78-96 d 
Superior temporal gyrus Mature at 48 wk Moderate at 160 d n.d. 
Cerebellum ev 28 wk ev 125d 

 
ev 80 d 

d days; ev evident at; n.d. not determined; OL oligodendrocytes; wk weeks. 
Note that there is often heterogeneity in development not just between different regions in the 
brain, but within each region. Compiled from refs human and cross-species comparisons (Chi et al., 
1977; Hagberg et al., 2002; Counsell et al., 2003; Albertine, 2012; Workman et al., 2013), baboon 
(Dieni et al., 2004; Inder et al., 2005; Rees et al., 2009), sheep (Romanes, 1947; Åarströum, 1967; 
Barlow, 1969; Patterson et al., 1971; McIntosh et al., 1979; Back et al., 2006, 2012; Riddle, 2006).  

14 Figure Legends 987 

Figure 1. Experimental models of ventilation-induced injury in sheep outlining the major advantages 988 
and disadvantages of each model. 989 

Figure 2. A multipronged approach is likely necessary to prevent or reduce ventilation-induced brain 990 
injury. Only strategies discussed in-text have been included in the diagram. PPV positive pressure 991 
ventilation; PBCC physiological-based cord clamping; hAECs human amnion epithelial cells; EPO 992 
erythropoietin.   993 
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Appendix II 

This appendix relates to Chapter Three: Isolating Pathways of Ventilation-Induced Brain Injury (VIBI) 

and presents the magnetic resonance imaging results from a subset of those animals [Table A2]. The 

key finding of this study was that VIBI can be detected by diffusion tensor imaging colour mapping 

threshold techniques 24 h after injurious ventilation. Additionally, white matter injury detected by this 

approach was more severe in the animals subjected to both major pathways of injury (INJ+UCO group 

in paper; INJINF+HAE group in Chapter 3) compared to animals exposed to the inflammatory pathway 

only (INJ group in paper; INJINF group in Chapter 3). 

Table A2. Comparison of corresponding experimental groups in Appendix II and Chapter 3.  

Synonymous groups in 
Group description 

Appendix II Chapter 3 

Cont (n=6) UNOP (n=7) Lambs did not undergo initial fetal surgery or ventilation 

Sham (n=5) SHAM (n=5) Lambs underwent fetal surgery but did not receive ventilation 

INJ (n=5) INJINF (n=7) 
Lambs received 15 min of high tidal volume (VT) ventilation 
initiating predominantly the inflammatory pathway of VIBI 

INJ+UCO (n=7) INJINF+HAE (n=7) 
Lambs received 15 min of high VT ventilation with umbilical cord 

occluded, initiating the inflammatory and haemodynamic pathways 
of VIBI 
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Abstract

Purpose

Injurious mechanical ventilation causes white matter (WM) injury in preterm infants through

inflammatory and haemodynamic pathways. The relative contribution of each of these path-

ways is not known. We hypothesised that in vivo magnetic resonance imaging (MRI) can

detect WM brain injury resulting from mechanical ventilation 24 h after preterm delivery. Fur-

ther we hypothesised that the combination of inflammatory and haemodynamic pathways,

induced by umbilical cord occlusion (UCO) increases brain injury at 24 h.

Methods

Fetuses at 124±2 days gestation were exposed, instrumented and either ventilated for 15

min using a high tidal-volume (VT) injurious strategy with the umbilical cord intact (INJ;

inflammatory pathway only), or occluded (INJ+UCO; inflammatory and haemodynamic

pathway). The ventilation groups were compared to lambs that underwent surgery but were

not ventilated (Sham), and lambs that did not undergo surgery (unoperated control; Cont).

Fetuses were placed back in utero after the 15 min intervention and ewes recovered.

Twenty-four hours later, lambs were delivered, placed on a protective ventilation strategy,

and underwent MRI of the brain using structural, diffusion tensor imaging (DTI) and mag-

netic resonance spectroscopy (MRS) techniques.

Results

Absolute MRS concentrations of creatine and choline were significantly decreased in INJ

+UCO compared to Cont lambs (P = 0.03, P = 0.009, respectively); no significant differ-

ences were detected between the INJ or Sham groups and the Cont group. Axial diffusivities

in the internal capsule and frontal WM were lower in INJ and INJ+UCO compared to Cont

lambs (P = 0.05, P = 0.04, respectively). Lambs in the INJ and INJ+UCO groups had lower
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mean diffusivities in the frontal WM compared to Cont group (P = 0.04). DTI colour mapping

revealed lower diffusivity in specific WM regions in the Sham, INJ, and INJ+UCO groups

compared to the Cont group, but the differences did not reach significance. INJ+UCO lambs

more likely to exhibit lower WM diffusivity than INJ lambs.

Conclusions

Twenty-four hours after injurious ventilation, DTI and MRS showed increased brain injury in

the injuriously ventilated lambs compared to controls. DTI colour mapping threshold

approach provides evidence that the haemodynamic and inflammatory pathways have addi-

tive effects on the progression of brain injury compared to the inflammatory pathway alone.

Introduction

Brain injury is a worldwide problem in preterm infants and is associated with a high risk of

morbidity and mortality [1]. Children born very preterm have higher rates of cerebral palsy,

educational disabilities and respiratory illnesses [2–4]. These lifelong morbidities cause sub-

stantial economic costs for individuals and countries [4,5]. Of 70% of surviving preterm

infants, 58% have severe overall disability or mild disability with neuromotor abnormalities

[6]. Despite significant improvements to neonatal care resulting in increased preterm survival,

efforts to reduce or prevent neonatal morbidity and subsequent physical and neurodevelop-

mental disabilities have had little success so far.

The perinatal period is a critical time for heightened risk of preterm brain injury [7]. The

transition from fetus to independent life in preterm infants is complicated by the immaturity

of respiratory and cardiovascular systems, which can make the brain vulnerable to injury [8].

The requirement for respiratory support in the delivery room, which is extremely common in

these infants [9], has been identified as a potential cause of preterm brain injury; termed venti-

lation-induced brain injury (VIBI) [10]. The risk of VIBI is amplified in infants who receive

high tidal volumes (VT) in the delivery room, which occurs in up to 80% of infants in the deliv-

ery room receiving positive pressure ventilation [11]. Our studies have demonstrated that as

little as 15 min of high VT ventilation can increase early markers of brain injury through two

key pathways: 1) initiation of a systemic inflammatory cascade resulting in cerebral inflamma-

tion and injury; and 2) haemodynamic instability resulting in fluctuations in cerebral blood

flow and pressure [10,12]. Early markers of brain injury can be detected within 1–2 h after

birth using histological techniques [12] as well as advanced magnetic resonance imaging

(MRI) [13,14]. However, it is unlikely that infants can undergo MRI so soon after birth. It is

not known whether the pathology observed within two hours of delivery manifests into gross

brain injury 24 h later. Further, the relative contribution of the inflammatory or haemody-

namic pathways of VIBI is not known.

To investigate how VIBI evolves over time we aimed to examine whether 15 min of high VT

ventilation results in significant microstructural brain injury 24 h later. Since VIBI occurs

through two major pathways [12], we also aimed to determine the relative contribution of

each pathway to brain injury. We hypothesised that structural brain injury evolves and is

detectable by non-invasive MRI techniques on clinical 3T scanners at 24 h after high VT venti-

lation induced to the fetal in utero. Further, we hypothesised that activation of the haemody-

namic and inflammatory pathways would result in levels of WM injury that exceed levels of

damage associated with the inflammatory pathway alone.

MRI for ventilation induced brain injury
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Methods

Ethics statement

The experimental protocol was approved by the Monash Medical Centre ‘A’ animal ethics

committee at Monash University and conducted according to guidelines established by the

National Health and Medical Research Council of Australia.

Ventilation strategy, preterm delivery and stabilisation

Under sterile conditions, pregnant ewes at 124 ± 2 days of gestation (term ~ 148 days) were

anaesthetised via intravenous injection of thiopentone sodium (20 mg/kg; Jurox, NSW, Aus-

tralia), followed by tracheal intubation and delivery of inhalational anesthesia (isofluorane

1.5–2.5% in oxygenated air; Bomac Animal Health, NSW, Australia). Fetuses were exposed via

laparotomy, and were instrumented for the placement of catheters into the left jugular vein

and carotid artery as described previously [10,12]. The fetal chest was exteriorised and the

fetus dried, intubated (4.0 mm cuffed endotracheal tube), lung liquid drained and randomised

to one of three groups:

1. INJ: Lambs (n = 5) received 15 min of high VT ventilation (targeting 12–15 mL/kg) initiat-

ing predominately the inflammatory pathway of VIBI.

2. INJ+UCO: Lambs (n = 7) received 15 min of high VT ventilation (targeting 12–15 mL/kg)

during which the umbilical cord was occluded. The removal of the placental circulation

simulates umbilical cord clamping and triggers the cardiovascular transition at birth and its

associated instability [15] resulting in initiation of the inflammatory and haemodynamic

pathways of VIBI. At the end of the 15 minutes of injurious ventilation the occluder was

removed and placental blood flow restored to the fetus.

3. Sham: The sham surgery group (n = 5) underwent catheterisation and intubation but did

not receive mechanical ventilation.

A fourth group of lambs did not undergo the initial surgery or ventilation and were used as

un-operated group (Cont; n = 6) to control for the surgical intervention.

Ventilation was conducted using a neonatal positive pressure ventilator (Babylog 8000+,

Dräger, Lübeck, Germany) using heated, humidified air (Fisher and Paykel). Peak inflation

pressure (PIP) was limited to 45 cmH2O with a positive end expiratory pressure (PEEP) of 5

cmH2O [15]. Ventilated lambs received a VT of 7 mL/kg at 5 min, escalated to 10 mL/kg at 10

min and targeting 12–15 mL/kg (the PIP was limited to 45 cmH2O) by 15 min. Fetal blood-

gas variables and oxygenation were monitored and maintained within normal newborn

parameters. The ventilation was conducted under sterile conditions to prevent infection of the

fetus.

After ventilation, the fetus was returned to the uterus and it was sutured closed. The jugular

vein and carotid artery catheters were externalised through the ewe’s flank via a small incision

[16] to allow periodic blood sampling. The abdominal and flank incisions were sutured closed

and the ewe allowed to recover. Analgesia was provided to the ewe via buprenorphine (300ug/

ml i.v., Reckitt Benckiser, UK) and a fentanyl patch (75 mg/h, Janssen-Cilag, NSW, Australia).

At regular intervals over the proceeding 24 h, fetal arterial blood samples were collected to

ensure fetal health by assessing the partial pressure of arterial carbon dioxide (PaCO2), oxygen

(PaO2), oxygen saturation (SaO2), and pH (ABL30, Radiometer, Copenhagen, Denmark).

Twenty-four hours later, ewes were again anaesthetised as above, the fetus exteriorised via

the same incision site, intubated, and ventilation initiated using volume guarantee set at 7 mL/

kg and PEEP of 5 cmH2O. Lambs were ventilated for 3 minutes before the umbilical cord was
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clamped and surfactant (100 mg/kg, CurosurfR, Chiesi Pharma, Italy) was administered within

the first 15 min of ventilation. The fraction of inspired oxygen was adjusted to maintain arte-

rial oxygen saturation between 88–95%. The umbilical cord was cut 15 min after ventilation

onset and the lambs transferred to the MRI. Ewes were euthanised immediately after the lamb

was removed; lambs were euthanised after the MRI (sodium pentobarbitone 100 mg/kg i.v.).

Magnetic resonance imaging

MRI acquisition protocols were conducted as per previously published [13,14]. Following sta-

bilisation, lambs were transferred to the 3T MRI system (Siemens Skyra, Erlangen, Germany)

at Monash Biomedical Imaging (Clayton, Australia), with a 15-channel radio frequency coil

for transmission and reception. Lambs were placed in supine position, and ventilation was

maintained using a BabyPAC portable and MR-compatible ventilator (Pneupac, Smiths Medi-

cal, UK). Brain MRI included structural imaging sequences (T1, T2), susceptibility-weighted

imaging (SWI), DTI, and single-voxel MRS [13,14]. The total acquisition time was about 40

min.

We acquired images for anatomical localisation and identification of gross brain injury,

including infarcts and haemorrhages. Whole-brain DTI was acquired using a single-shot,

echo-planar imaging sequence with the following image parameters: repetition time (TR) =

11,400 ms; echo time (TE) = 99 ms; slice thickness = 1.2 mm; field of view = 154×154 mm;

acquisition matrix = 128×128, giving a voxel size of 1.2×1.2×1.2 mm3, for five b = 0. Diffusion-

encoding gradients were acquired in 30 directions with a b value of 1,000 s/mm2. The diffu-

sion-weighted imaging was performed twice; five b = 0 volumes were acquired. A single-voxel

spin-echo sequence was used to acquire MRS, localised on the supratentorial deep grey matter

and central WM (TR = 2,000 ms, TE = 270 ms) with a voxel size of 15×15×20 mm3.

MRI data analysis

All data were analysed using the FMRIB Software Library (FSL, FMRIB, Oxford, UK [17]).

First, the FDT toolbox was used to correct all DTI data for eddy-current distortion, and then

DTI parametric maps of fractional anisotropy (FA), axial diffusivity (AD), radial diffusivity

(RD), and mean diffusivity (MD) were created with the FMRIB Diffusion Toolbox. All maps

were co-registered with high-resolution T2 images of the brains using the Linear Image Regis-

tration Tool (FLIRT [18]), with the b = 0 image used as a reference [14].

ROIs were defined manually on the high-resolution T2 images of each lamb and then trans-

formed to the corresponding FA, AD, MD, and RD maps to calculate the mean regional values

for each lamb [13,14]. ROIs were placed in the thalamus (Th), periventricular white matter

(PVWM), IC, frontal white matter (FWM), and cerebellum (CB) vermis, targeting the stalk

and midline WM (S1 Fig). The mean value of the adjacent 4–5 slices that defined a given ROI

volume was calculated for each ROI to test between-animal diffusivity variability. MATLAB

R2013a (Mathworks, MA, USA) was then used to calculate the standard deviation (SD) for the

ROIs of each region of the lamb brains to test within-animal variability (heterogeneity in

DTI).

MRS data were processed with TARQUIN software to implement spectral fitting in the

time domain [13,14]. Peak-area ratios for lactate (Lac) relative to NAA (total N-acetylaspartate

and N-acetylaspartylglutamate), creatine (Cr, total phosphocreatine and free creatine), and

choline (Cho, total glycerophosphocholine and phosphocholine) were calculated, along with

major peak areas (Cr, NAA, Lac, and Cho).

DTI-ROI data showed more heterogeneity in the specified white matter regions of the lamb

brains. To further examine this we utilised a colour-map threshold technique to determine
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where the low-diffusivity voxels were distributed in the DTI volumes, as previously described

[14]. The total pixel intensity distribution for each brain was compared between the minimum

and maximum intensities for 256 bins in all DTI images (S2 Fig) to produce the frequency dis-

tribution of MRI voxel intensity levels at each position [14]. Here, we applied a threshold to

the mapped intensities in the overlay in all groups (width, 10%); the upper threshold (S2 Fig,

green dashed line) was manually set at an intensity where voxels were almost completely

absent across the brain in Cont lambs, but coloured voxels were still evident at the edges of the

brain mask. The upper threshold was consistent with the 90th percentile of intensities in the

Cont lambs, with 3–5% overlap in observed pixel intensities among the groups (S2 Fig). This

process permitted mapping and quantification of low-diffusivity voxels for AD, RD, and MD

colour-map images.

Statistical analyses

Physiological data were compared using a two-way repeated measure ANOVA and Holm-

Sidak post-hoc analyses to determine significant interactions (Sigmaplot, Systat Software Inc).

The mean and SEM of ROI voxel intensities were calculated, as well as one-way ANOVA was

used to compare treatment groups with a significance level of P<0.05. Data are presented as

means (box 5–95% CIs of mean) with maximum–minimum error bars. The SD was calculated

for the ROIs in each brain to test within-animal variability and the heterogeneity of DTI diffu-

sivities for differences between groups.

Results

Physiological parameters

Fetal blood gases parameters at the time of intubation and cord clamping, body weight and sex

were not different between groups (Table 1). Blood gases and haemodynamic data were

recorded throughout the MRI examination. In brief, at 10 and 15 minutes after delivery INJ

+UCO lambs required a higher fraction of inspired oxygen (FiO2) compared to the Cont

group (P = 0.02 and P = 0.007, respectively; Fig 1A). However, pH, PaO2 and PaCO2 were not

different between groups (P = 0.8, P = 0.1 and P = 0.2, respectively; Fig 1B–1D). Peak inflation

pressure and positive end-expiratory pressure were not different between groups (P = 0.09 and

P = 0.2, respectively). Alveolar-arterial differences in oxygen (AaDO2) were not different

between groups at any time point (P = 0.1).

Table 1. Fetal characteristics at the time of intervention at 124 days of gestation.

Variable Cont Sham INJ INJ+UCO P value

Sex (M/F) 5 / 1 3 / 2 4 / 1 1 / 6 -

Gestational age (d) 126 ± 1 126 ± 1 126 ± 1 126 ± 1 0.2

Body weight (kg) 3.4 ± 0.4 3.3 ± 0.2 3.6 ± 0.3 3.2 ± 0.4 0.3

SaO2 (%) 48.2 ± 23.1 33.9±19.2 42.8±10.2 34.9±16.5 0.5

pH 7.27±0.04 7.31±0.17 7.37±0.05 7.35±0.10 0.4

PaCO2 (mm Hg) 59.0±7.8 53.5±20.9 49.5±5.6 52.3±8.2 0.3

PaO2 (mm Hg) 36.7±17.7 24.0±8.1 27.0±4.3 28.3±8.8 0.3

Characteristics of the Cont, Sham, INJ and INJ+UCO lambs groups in this study and their fetal blood gases at the time of intubation and cord clamping.

Data are presented as mean ± SD.

https://doi.org/10.1371/journal.pone.0188737.t001
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Structural MRI

There was no overt structural injury evident on T1, T2, or SWI images in any group. However,

MRS and DTI showed subtle brain injury, as detailed below.

Magnetic resonance spectroscopy

The MRS peak-area ratios of Lac to other metabolites, Cr, NAA, and Cho at 24 h were not

different between groups (S3 Fig). However, absolute concentrations of Cr and Cho were

Fig 1. Physiological parameters. (A) Fraction of inspired oxygen (FiO2) in the unoperated control (Cont; blue open squares n = 6), sham

surgery (Sham; blue closed squares n = 5), injurious ventilation (INJ; red open circles n = 5), and INJ + umbilical cord occlusion (INJ+UCO;

red closed circles n = 7) groups. (B) pH. (C) Partial pressure of arterial oxygen (PaO2) and (D) carbon dioxide (PaCO2). *P<0.01, **P<0.001

vs INJ+UCO.

https://doi.org/10.1371/journal.pone.0188737.g001
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significantly lower in the INJ+UCO group than the Cont group (P = 0.03, P = 0.009, respec-

tively); no other differences were detected between the groups. Absolute concentrations of Lac

and NAA at 24 h were not different between groups (Fig 2).

Region of interest analysis for diffusion tensor imaging

DTI-ROI analysis for each area conducted in six Cont, five Sham, five INJ, and seven INJ

+UCO lambs. AD was significantly decreased in the IC and FWM in INJ and INJ+UCO com-

pared to Cont lambs (P = 0.05, P = 0.04, respectively), as shown in Fig 3. A trend was evident

for lower RD in the FWM of INJ and INJ+UCO lambs compared to Cont lambs (P = 0.07).

Fig 2. Absolute magnetic resonance spectroscopy (MRS) concentrations of metabolites in the preterm lamb brain. Individual absolute

concentrations of lactate (Lac), creatine (Cr), choline (Cho), and N-acetylaspartate (NAA) using a single-voxel MRS encompassing supratentorial

central white matter and deep grey matter in the unoperated control (Cont; blue open squares n = 6), sham surgery (Sham; blue closed squares n = 5),

injurious ventilation (INJ; red open circles n = 5), and INJ + umbilical cord occlusion (INJ+UCO; red closed circles n = 7) groups. One way ANOVA

comparisons tests relative to the Cont group were used with P<0.05 was considered statistically significant. *P<0.01, **P<0.001 vs INJ+UCO.

https://doi.org/10.1371/journal.pone.0188737.g002
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MD significantly decreased in the FWM of the INJ and INJ+UCO compared to the Cont

group (P = 0.04), while mean AD, RD, and MD indices were lower in some INJ and INJ+UCO

lambs compared to the Cont group (Fig 3). There were no mean differences in the Th,

PVWM, middle CB, or CB stalk between groups. However, INJ+UCO, INJ, and Sham lambs

showed significantly increased heterogeneity of diffusivity in the PVWM and CB stalk regions

(S4 Fig).

Fig 3. Mean and confidence intervals of DTI measurements for the small regions of interest analyses. Mean fractional anisotropy (FA), axial diffusivity

(AD), radial diffusivity (RD), and mean diffusivity (MD) measurements for each region of interest (ROI) in the unoperated control (Cont n = 6), sham surgery

(Sham n = 5), injurious ventilation (INJ n = 5), and INJ + umbilical cord occlusion (INJ+UCO n = 7) groups. The ROIs shown in S1 Fig were located in the

thalamus (Th), internal capsule (IC), periventricular white matter (PVWM), frontal white matter (FWM), middle cerebellum (CB), and CB stalk. *P<0.01,

**P<0.001 vs INJ+UCO.

https://doi.org/10.1371/journal.pone.0188737.g003
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Whole brain intensity analysis

Whole-brain intensity distribution analysis was employed to describe the tensor orientation in

the WM tract direction. This technique revealed lower AD, RD, and MD values that were

closely occurred with the specific WM regions in this study (Table 2).

AD, RD, and MD histogram distributions for the whole brains of individual lambs are plot-

ted in S2 Fig. In the low-diffusivity maps, there were different degrees of red colour (threshold

range) within each specific brain region. We observed that the red shading was more visible in

the Th of AD, RD and MD maps (Figs 4–6) in the INJ+UCO and INJ lambs, while the lowest

diffusivity values were almost absent in the same region in the Cont group. Further, lower dif-

fusivity values were more widespread in the surrounding areas of the Th of the INJ+UCO

group than the INJ group and Sham group (Figs 4–6). Likewise, DTI diffusivities were reduced

in the IC, PVWM, FWM and CB of some INJ+UCO and INJ lambs, but rarely in the Cont

group (Table 2). Finally, quantifying the low-diffusivity voxels in each ROI, we compared

voxel counts between all groups (Fig 7). We found evidence of reduced diffusivity in all WM

regions in the INJ+UCO and INJ groups compared with Cont lambs. Interestingly, more

lambs in the INJ+UCO group had some evidence of reduced AD, RD and MD values com-

pared to the lambs INJ lambs (Fig 7), but this did not reach statistical significance.

Discussion

Brain injury remains a significant burden for preterm infants, resulting in chronic neurologi-

cal pathology including cerebral palsy [19], disrupted brain microstructures, and chronic mye-

lination disturbances [20]. We demonstrated previously that injurious ventilation of preterm

neonates upon delivery causes cerebral inflammation and haemodynamic instability [12],

resulting in early markers of WM injury, detectable within the first 1–2 h after delivery with

clinical 3T MRI [13,14]. While the previous study demonstrated early mechanisms of brain

injury so soon after birth, it is not known whether these early markers of ventilation induced

brain injury manifest as gross injury 24 h later. This is important given that the earliest clinical

MRIs are likely to be achieved is at this 24h time-point. Since VIBI occurs through two major

pathways, we also aimed to determine the relative contribution of each pathway to brain

injury. We found no differences in indices of brain injury between the groups using conven-

tional MRI techniques, including T1 and SWI. However, DTI-ROI analysis provides evidence

that both the INJ and INJ+UCO groups had increased injury compared to controls. Further,

Table 2. Percentage of lambs found to have AD, RD, and MD in the selected WM regions of each group below the colour map threshold intensity

90% confidence interval of the Cont group.

Cont

n = 6

Sham

n = 5

INJ

n = 5

INJ+UCO

n = 7

AD RD MD AD RD MD AD RD MD AD RD MD

Th 0 0 0 20 80 60 20 80 60 43 86 86

IC 0 0 0 0 80 80 20 60 60 29 86 86

PVWM 0 0 0 0 20 0 20 80 40 14.3 86 43

FWM 0 0 0 0 20 20 40 80 60 43 86 71.4

CB 16.6 16.6 16.6 40 40 40 80 80 60 86 86 43

Thalamus (Th), internal capsule (IC), white matter (WM), periventricular WM (PVWM), frontal WM (FWM), and cerebellum (CB) vermis. DTI parameters:

axial diffusivity (AD), radial diffusivity (RD), and mean diffusivity (MD). The DTI colour-mapping technique revealed the number of lambs found to have lower

diffusivities from the total number (n) in each group. Therefore, there were different degrees of red colour (threshold range) between the lamb groups. Data

are given as percentage of each group.

https://doi.org/10.1371/journal.pone.0188737.t002

MRI for ventilation induced brain injury

PLOS ONE | https://doi.org/10.1371/journal.pone.0188737 December 6, 2017 9 / 18

https://doi.org/10.1371/journal.pone.0188737.t002
https://doi.org/10.1371/journal.pone.0188737


Fig 4. Representative slices of whole-brain DTI colour maps of the thalamus (Th) for axial diffusivity (AD). Voxel diffusivity intensities falling

below the low threshold are shown as red for AD measurements for all lamb brains. All low-diffusion maps are overlaid on diffusion images for a slice

passing through the thalamus (Th). In the injurious ventilation (INJ n = 5; C) and umbilical cord occlusion (INJ+UCO n = 7; D) groups, red indicates

lower values in the range of the threshold, while black indicates values below the threshold (see explanation in S2 Fig). One sham surgery (Sham

n = 5; B), one INJ, and three INJ+UCO lambs had widespread lower diffusivity values in the Th than unoperated control lambs (Cont n = 6; A).

https://doi.org/10.1371/journal.pone.0188737.g004

Fig 5. Representative slices of whole-brain DTI colour maps of the thalamus (Th) for radial diffusivity (RD). Voxel diffusivity intensities

falling below the low threshold are shown in red for RD measurements for all lamb brains. All low-diffusion maps are overlaid on diffusion

images for a slice passing through the Th. All lambs in the unoperated control (Cont n = 6; A) group had no low RD values in the Th, but low RD

values appeared in the Th of 4 lambs following sham surgery (Sham n = 5; B), 4 lambs following injurious ventilation (INJ n = 5; C), and 6 lambs

following umbilical cord occlusion (INJ+UCO n = 7; D).

https://doi.org/10.1371/journal.pone.0188737.g005
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the analysis of the whole brain using colour mapping threshold approach revealed evidence of

worse pathology in the INJ+UCO lambs compared to INJ alone.

The initiation of ventilation using an injurious strategy results in acute brain inflammation

and injury through two major pathways: an inflammatory cascade and haemodynamic insta-

bility. In order to isolate the relative contribution of the two pathways, we initiated ventilation

in preterm lambs with or without an intact umbilical cord. Ventilating whilst maintaining pla-

cental blood supply prevents rapid swings in pulmonary and carotid blood pressures and flows

and stabilizes cardiac output upon transition at birth [15]. The resulting injury from this venti-

lation strategy can be attributed to the inflammatory pathway only. Occluding the cord simu-

lates immediate cord clamping at ventilation onset [15], which initiates both the inflammatory

and haemodynamic pathways of brain injury. Any additional injury above that of the INJ

group can therefore be attributed to the haemodynamic pathway.

DTI can provide microstructural information about the integrity of axons and myelin in

the preterm infant brain; along the fiber tract (i.e., AD), decreased water diffusion indicates

axonal degeneration, while perpendicular to the fiber tract (i.e., RD), decreased water diffusion

indicates myelin loss [21]. Similar to Bassi et al. [22], who previously observed FWM lesions in

preterm infants scanned in the neonatal period, we found DTI-ROI were able to detect

decreased AD, RD and MD in the FWM due to injurious ventilation, with and without cord

occlusion. Further, we found evidence of decreased AD in the IC in the INJ and INJ+UCO

groups, which may indicate axonal loss [23] and may be associated with motor dysfunction

later in development [24]. Further, subsequent studies have confirmed that decreased AD was

observed with dysmyelination and demyelination [25,26]. We did not observe any significant

changes in the thalamus, PVWM or CB in any lambs groups.

Fig 6. Representative slices of whole-brain DTI colour maps of the thalamus (Th) for mean diffusivity (MD). Voxel diffusivity intensities

falling below the low threshold are shown in red for MD measurements for all lamb brains. All low-diffusion maps are overlaid on diffusion

images for a slice passing through the Th. All lambs in the unoperated control (Cont n = 6; A) group had no low MD values in the Th, but low MD

values appeared in the Th of about lambs following sham surgery (Sham n = 5; B), lambs following injurious ventilation (INJ n = 5; C), and

lambs following umbilical cord occlusion (INJ+UCO n = 7; D).

https://doi.org/10.1371/journal.pone.0188737.g006
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Fig 7. Comparison of voxel-based colour-map images for the whole brain. Images were compared for

axial diffusivity (AD), radial diffusivity (RD), and mean diffusivity (MD) values below the threshold for specified

regions in the lamb brain in all groups. The white matter (WM) regions were located in the thalamus (Th),
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In contrast to the DTI-based ROI approach, whole-brain analysis is more sensitive to detect

subtle brain injury, particularly axonal and myelin injury [27]. In this study, INJ+UCO lambs

had the lowest AD, RD, and MD values in the WM regions compared to the other groups

(Table 2). This suggests that activation of the inflammatory and haemodynamic pathways of

injury had an additive effect on WM injury [28,29]. Importantly, it also suggests that improv-

ing the haemodynamic transition at birth (delayed cord occlusion) only reduces a portion of

VIBI, if ventilation is delivered in an injurious fashion [12]. Therefore, simply improving the

haemodynamic transition at birth is not enough to reduce VIBI–future therapies need to target

the inflammatory cascade resultant from ventilation.

In-vivo MRS provides non-invasive metabolic information about the newborn’s brain [30].

Cr, Cho, Lac and NAA are the most readily determined resonances (peaks) using MRS [30].

The putative roles of Cr, Cho, Lac and NAA have been reported in many MRS studies. For

instance, Cr is often used as an internal reference, but since it has been shown to change with

neurological conditions and disease, changes in total Cr must always be considered [31]. A
1H-MRS study in infants within the first 4 days after birth demonstrated that a reduction in

absolute brain Cr was associated with both the normal/mild and severe/fatal outcome groups,

and may reflect reduced overall cellularity in neonatal encephalopathy groups compared with

controls [32]. Cho is frequently used for the investigation of normal cell function and as a

marker for cell membrane metabolism [33,34], and hence reduced Cho reflects reduced cellu-

larity [35], impairments with myelination or altered cell types [36]. NAA is considered as a

marker of neuronal density and function [37], and it is diffused along the axons; however, it

breaks down in oligodendrocytes. Thus reductions in NAA may reflect neuronal or axonal

degeneration [31]. Lac is an indicator of anaerobic metabolism. The elevated levels of brain

Lac are thought to be due to major cell death events resulting from tumours and ischaemic dis-

eases [38,39]. For any biomarker, the sensitivity of the MRS recordings and the sample size

acquired are important considerations as to whether absolute concentrations and/or the meta-

bolic ratios are used for quantification of neural metabolic changes [40]. In this study, we

found that INJ+UCO lambs had significantly reduced absolute Cr and Cho values compared

to controls, but no significant differences in Lac or NAA, at 24 h. An early decline in absolute

brain Cr in this study might reflect impending tissue loss, as suggested first in a study on

shaken baby syndrome [41]. MRS recordings on babies with shaken baby syndrome showed a

decline in Cr and NAA concentration and a delayed, but pronounced increase in Lac, indica-

tive of tissue loss and reduced cellularity, which was able to be measured at a much earlier

stage than with conventional MRI [41]. The INJ+UCO lambs had lower Cho levels than the

control group. Others have previously associated low Cho levels in the brain with reduced

myelination [42]. We have previously shown that alterations in DTI measurements at the time

of preterm delivery correlated with impairment of neuron and myelination as a result of injuri-

ous mechanical ventilation [43]. Measuring myelination was outside the scope of this study,

but the loss of oligodendrocyte progenitors has been well characterized in models of prematu-

rity [44], HIE [45], and ventilation [7]. Lactate concentrations were not significantly different

between the lamb groups at 24 h in this study. Others have also reported that there was no sig-

nificant Lac elevation in preterm infant brains [46]. Furthermore, we found no significant

internal capsule (IC), periventricular WM (PVWM), frontal WM (FWM), and cerebellum (CB) vermis. There

were widespread lower AD, RD, and MD intensities in all WM regions in the umbilical cord occlusion (INJ

+UCO n = 7; red closed circles) and injurious ventilation (INJ n = 5; red open circles) groups, but this did not

reach statistical significance. While there were few lower diffusivities in WM regions in the sham surgery

(Sham n = 5; blue closed squares) group the unoperated control (Cont n = 6; blue open squares) lambs

showed very few voxels of low AD, RD, and MD intensities.

https://doi.org/10.1371/journal.pone.0188737.g007
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differences in MRS peak-area metabolite ratios at 24 h, which might reflect the relative insensi-

tivity of these indices in detecting the early onset of brain injury. Others also failed to detect an

effect of magnesium sulfate, which was expected to decrease the severity of delayed cerebral

energy failure in infants with cerebral ischaemia, on the MRS peak-area ratios of Lac to other

metabolites within the first 1–2 days of postnatal life [47]. Our metabolite concentration find-

ings greatly improve our understanding for pathological interpretation compared with that

provided by peak-area ratios.

We did not observe obvious lesions that have been detected in animal models with conven-

tional MRI at 24 h [48]. However, this does not rule out the possibility such lesions might man-

ifest in the following days. Brown et al. [49] reported that there was a direct relationship

between poor behavioural performance and severe microstructural WM abnormalities on

MRI findings at 5–7 days of age, and at two years of age in preterm infants. An ultimate aim of

our research is to identify a marker of preterm brain injury before it manifests to allow a win-

dow for treatment. Our previous study did not observe DTI changes using DTI-based ROI

approach at one hour after delivery [14]. Identification of DTI-based ROI approach with sub-

sequent structural injury in longer-termed studies will be critical to validate this technique as a

reliable early marker of brain injury [50,51].

The DTI findings in this study confirm and extend our previous investigations of neuropa-

thology in preterm neonate brains. However, we acknowledge that the study has important

limitations. Histological examination of the lamb brains in this study was not undertaken to

confirm inflammatory markers or subtle WM injury. However, we have previously demon-

strated that alterations in fractional anisotropy and diffusivity at the time of preterm delivery

correlated with impairment of myelination as a result of injurious mechanical ventilation [43].

This study and previous studies [14,43], show that MRI can be quantitative for microstructural

changes in specific anatomical structures in the preterm brain, providing potentially useful

biomarkers for preterm delivery–associated neuropathology in the clinic. A further limitation,

is that the surgery in of itself is injurious, since there was mild injury observed in the sham

lambs compared to the Cont group. This is likely due to using twins exposed to longer isoflur-

ane which is harmful to the preterm brain [52].

In conclusion, both DTI and colour-map threshold technique revealed that VIBI is associ-

ated with very low AD, RD, and MD intensities observed in the WM of preterm lambs 24 h

after ventilation. When both pathways of injury were initiated WM injury was amplified com-

pared to the inflammatory pathway alone, demonstrating the importance for targeting of both

pathways of injury for any therapeutic strategy focused on reducing VIBI.

Supporting information

S1 Fig. Magnetic resonance imaging (MRI) data analysis regions of interest (ROIs). Exam-

ples of ROIs in specific regions of (A) the thalamus (Th), (B) internal capsule (IC), (C) periven-

tricular white matter (PVWM), (D) frontal white matter (FWM), and the cerebellum (CB)

vermis, targeting (E) midline and (F) stalk white matter for DTI analysis. Figure is reproduced

from Alahmari et al. [14].

(TIF)

S2 Fig. DTI histogram distributions for individual lambs. Histogram distribution plots of

axial diffusivity (AD), radial diffusivity (RD), and mean diffusivity (MD) for the whole brains

from each group. Blue lines represent the unoperated control (Cont) group; blue dashed lines

represent the sham surgery (Sham) group. Red lines represent the injurious ventilation (INJ)

group, while red dashed lines represent the lambs exposed to umbilical cord occlusion (INJ

+UCO) during the initial 15 min of high tidal-volume (VT) ventilation. The black
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box represents the 75% confidence interval (CI) of all voxel intensities observed in the distribu-

tion in Cont lamb brains. Threshold (green dashed line) applied to the mapped intensities in

the overlay in all groups.

(TIF)

S3 Fig. Peak-area magnetic resonance spectroscopy (MRS) lactate metabolite ratios. Indi-

vidual MRS peak-area metabolite ratios utilising a single-voxel encompassing supratentorial

central white matter and deep grey matter in the unoperated control (Cont; blue open

squares), sham surgery (Sham; blue closed squares), injurious ventilation (INJ; red open cir-

cles), and injurious ventilation with umbilical cord occlusion (INJ+UCO; red closed circles)

groups. Lac: lactate; Cr: creatine; Cho: choline; NAA: N-acetylaspartate.

(TIF)

S4 Fig. Standard deviation of DTI measurements. The standard deviation of the distribution

of voxel intensities within each region of interest ROI for each animal was calculated for frac-

tional anisotropy (FA), axial diffusivity (AD), radial diffusivity (RD), and mean diffusivity

(MD) measurements in the unoperated control (Cont), sham surgery (Sham), injurious venti-

lation (INJ), and umbilical cord occlusion (INJ+UCO) groups. The means of the standard

deviations were tested for differences between the four groups of lambs using one-way

ANOVA. The ROIs shown in S1 Fig were located in the thalamus (Th), internal capsule (IC),

periventricular white matter (PVWM), frontal white matter (FWM), cerebellum (CB) middle

and cerebellum (CB) stalk. � P< 0.01 and �� P< 0.001 group effect.

(TIF)
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Appendix III 

This appendix relates to Chapter Four: Early Umbilical Cord Blood Cells (UCBC) Exacerbates VIBI 

and presents findings of ventilation-induced lung injury (VILI) from the same animals [Table A3].  

The key findings of this study were that brief injurious ventilation caused significant lung injury, which 

was not reduced by the administration of UCBC 1 h post-ventilation. 

Table A3. Comparison of corresponding experimental groups in Appendix III and Chapter 4. In both 

studies, the UNOP and SHAM groups were pooled to form CONT for histological analyses.  

Synonymous groups in 
Group description 

Appendix III Chapter 4 

UNOP (n=7) UNOP (n=7) #Lambs did not undergo initial fetal surgery or ventilation 

SHAM (n=5) SHAM (n=5) #Lambs underwent fetal surgery but did not receive ventilation 

VILI (n=7) INJ (n=7) Lambs received 15 min of high tidal volume (VT) ventilation 

VILICELLS (n=7) INJ+UCBC (n=7) Lambs received 15 min of high VT ventilation with umbilical 
cord blood cells 

# Pooled control group CONT (n=12)         

The original article is included below, reproduced under the terms of the Creative Commons 

Attribution 4.0 International License: 

Smith M, Chan KYY, Papagianis PC, Nitsos I, Zahra VA, Allison BJ, Polglase GR, McDonald 

CA. Umbilical cord blood cells do not reduce ventilation-induced lung injury in preterm lambs. 

Front Physiol 2020;11:119. 
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Background: Preterm infants often have immature lungs and, consequently, many
require respiratory support at birth. However, respiratory support causes lung
inflammation and injury, termed ventilation-induced lung injury (VILI). Umbilical cord
blood (UCB) contains five cell types that have been shown to reduce inflammation and
injury. The aim of this study was to determine whether UCB cells can reduce VILI in
preterm lambs.

Methods: We assessed lung inflammation and injury, with and without UCB cell
administration. Fetal lambs at 125 ± 1 days gestation underwent sterile surgery and
were randomly allocated to one of four groups; unoperated controls (UNOP), sham
controls (SHAM), injuriously ventilated lambs (VILI), and injuriously ventilated lambs that
received UCB cells via the jugular vein 1 h after ventilation (VILICELLS). Ventilated lambs
received an injurious ventilation strategy for 15 min, before they were returned to the
uterus and the lamb and ewe recovered for 24 h. After 24 h, lambs were delivered
via caesarean section and euthanized and the lungs were collected for histological and
molecular assessment of inflammation and injury.

Results: VILI led to increased immune cell infiltration, increased cellular proliferation,
increased tissue wall thickness, and significantly reduced alveolar septation compared
to controls. Further, extracellular matrix proteins collagen and elastin had abnormal
deposition following VILI compared to control groups. Administration of UCB cells did
not reduce any of these indices.

Conclusion: Administration of UCB cells 1 h after ventilation onset did not reduce VILI
in preterm lambs.

Keywords: lung, ventilation-induced lung injury, bronchopulmonary dysplasia, preterm, umbilical cord blood cells,
inflammation, stem cells

INTRODUCTION

Preterm birth is associated with increased risk of infant morbidity and mortality (Blencowe et al.,
2012), with a major contributor being lung disease (Moss, 2006). Preterm infants have structurally
and functionally immature lungs and therefore, the majority of preterm infants <32 weeks
gestational age (GA) require respiratory support at birth (Sharon, 2016). While life-saving, the
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initiation of respiratory support at birth can cause lung
inflammation and injury, particularly if excessive tidal volumes
(VT) are used (Hillman et al., 2011). Although respiratory
support is well-controlled in the Neonatal Intensive Care
Unit (NICU), a recent study showed that up to 85% of
infants requiring respiratory support in the delivery room
received higher VT than recommended (Schmölzer et al.,
2010). Indeed, as few as 6 high VT breathes are enough to
initiate lung inflammation and injury, known as ventilation-
induced lung injury (VILI) (Jobe et al., 2008; Hillman et al.,
2010). This detrimental lung injury caused by excess VT
in the delivery room may contribute to the progression to
chronic lung disease (bronchopulmonary dysplasia) with lifelong
consequences (Doyle et al., 2017).

Bronchopumonary dysplasia (BPD) is a severe lung disease,
with the main risk factors being preterm birth and mechanical
ventilation for 7 or more days. Additionally, there is a
correlation between chorioamnionitis and BPD (Jobe, 2011).
Despite significant improvements in the care of preterm infants,
Doyle et al. (2017) has shown that BPD rates are increasing.
BPD is associated with additional adverse outcomes including
pulmonary hypertension, cardiovascular disease, and adverse
neurological outcomes (Kinsella et al., 2006). VILI is a major
antecedent of BPD (Jobe, 2011). VILI is caused by mechanisms
including barotrauma volutrauma and atelectrauma, but the
main component is believed to be volutrauma (Dreyfuss and
Saumon, 1992). The initiation of respiratory support with high
tidal volumes leads to lung inflammation and injury via an
upregulation of pro-inflammatory cytokines and injury response
genes (Jobe et al., 2008; Hillman et al., 2011). There are currently
no effective therapies to treat or prevent VILI but targeting the
pro-inflammatory cascade may be an effective target for reducing
or preventing VILI.

There is increasing interest in the therapeutic potential of
stem cells in the reduction of inflammation and injury, in
particular lung injury. One promising source of stem cells is
umbilical cord blood (UCB), which is usually discarded at
birth and is an abundant source of stem and progenitor cells.
Studies using both UCB mononuclear cells and individual cell
types found within UCB have shown promising results in the
attenuation of lung injury following hyperoxia (Mills et al., 2017;
Monz et al., 2013). Further, individual UCB cell types have
reduced lung injury in various experimental models including
mesenchymal stem cells (MSCs) (Chang et al., 2009), T regulatory
cells (Tregs) (Garibaldi et al., 2013), and hematopoietic stem
cells (De Paepe et al., 2011; Huang et al., 2014). However,
there is a lack of evidence to the effectiveness of UCB using
large animal models of VILI. In addition, previous studies
have administered cell therapies in the days following lung
injury, allowing inflammation and tissue remodeling to be well
established before treatment. To date, no studies have assessed
the therapeutic potential of early or prophylactic UCB within the
first hour after birth to reduce VILI.

In this study we assessed whether administration of UCB 1 h
after 15 min of injurious ventilation (volutrauma) can reduce
lung inflammation and remodeling 24 h later. We hypothesized
that UCB cells would reduce histological and molecular indices of

lung inflammation and injury when administered intravenously
1 h following volutrauma in preterm lambs.

MATERIALS AND METHODS

Ethics
All animal experimental protocols were approved by the Monash
Medical Centre Animal Ethics Committee. All methods were
carried out in accordance with the relevant guidelines and
regulations as described by the National Health and Medical
Research Council of Australia.

Experimental Design
Sterile fetal surgery was conducted on pregnant ewes at
125 ± 1 (SD) days gestation (term ∼148 days GA). Lambs
were randomized to one of four groups; unoperated controls
(UNOP) (n = 7), sham surgical controls (n = 5), injuriously
ventilated (n = 7: VILI), and injuriously ventilated with UCB
cells (n = 7: VILICELLS). The experimental protocol spanned 24 h
and was conducted at the Monash Biomedical Imaging facility.
All UCB-treated animals received cells via intravenous route
through the jugular vein catheter. This route was chosen as the
cells were given 1 h after injury when ventilation had ceased,
intratracheal tubes had been removed and the fetuses had been
returned to the uterus.

Animal Surgery
Pregnant ewes were anesthetized by intravenous injection of
thiopentone sodium (20 mg/kg, i.v.; Jurox, NSW, Australia)
and were subsequently intubated and anesthesia maintained
by inhalational isoflurane (1.5–2.5% in oxygen; Bomac Animal
Health, NSW, Australia) delivered via positive pressure
ventilation. Polyvinyl catheters (inner diameter 0.86 mm,
outer diameter 1.52 mm; Dural Plastics & Engineering, NSW,
Australia) were inserted into the left carotid artery and jugular
vein of the fetus to measure blood pressure and obtain blood
samples and to administer UCB cells, respectively. An ultrasonic
flow probe (3PS; Transonic Systems, Ithaca, NY, United States)
was placed around the right carotid artery to record carotid
blood flow – a pseudo measure of cerebral blood flow (Rudolph,
1983). The incision was sutured using polyvinyl silk. The fetus’s
chest was exteriorized, the fetus was dried, and intubated with a
4.5 mm cuffed endotracheal tube and lung liquid was passively
drained. SHAM animals remained intubated for 15 min while
VILI and VILICELLS lambs were ventilated using a ventilation
strategy aiming to cause volutrauma (Babylog 8000+; Dräger,
Lübeck, Germany) by targeting 10–15 ml/kg for a total of 15 min
as described previously (Hillman et al., 2007; Barton et al.,
2015). Following ventilation, fetuses were returned to the uterus,
the incisions closed, and the fetus and ewes recovered. At 1 h
post-ventilation, 80 million ovine UCB cells suspended in 3 ml of
phosphate-buffered saline were administered to the fetus via the
fetal jugular vein catheter (see below). The catheter was flushed
with 3 ml of sterile heparinized saline to ensure all the cells were
administered. Ewes were monitored overnight and regular blood
gases were taken to ensure fetal well-being.
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Twenty-four hours after the surgery, ewes were anesthetized as
above and the lamb was exteriorized through the same incision
site. The lamb was dried, intubated, and ventilated (Vt 7 ml/kg
PEEP 5 cm H2O) for ∼5 min prior to umbilical cord clamping.
A transcutaneous oximeter (Masimo, CA, United States) was
attached to its tail. FiO2 was initially set at 0.4 and adjusted
to maintain SaO2 between 88 and 95%. Intratracheal surfactant
(240 mg in 3 ml; Curosurf R©; Chiesi Pharmaceuticals, Parma,
Italy) was administered within the first 10 min to improve
lung compliance and sustained inflations were applied to recruit
the lung if necessary. For unoperated control (UNOP) lambs,
the ewe and lambs underwent the surgery, catheterization, and
ventilation as described above.

Once the lamb was stabilized, the umbilical cord was
clamped and the lamb was transferred to an MRI-compatible
ventilator (Pneupac babyPACTM; Pneupac, Smiths Medical,
United Kingdom). Lambs were scanned for 60 min in a 3T
MRI scanner to asses brain structure, spectroscopy, and diffusion
imaging. At the end of scanning lambs were euthanized with an
overdose of sodium pentobarbitone (>100 mg/kg, i.v. Valabarb
Euthanasia Solution; Jurox, NSW, Australia). Ewes were similarly
euthanized immediately after delivery of the lamb.

Umbilical Cord Blood Cell Preparation
Ovine allogeneic term (141 days gestation) UCB sample was
obtained from a separate group of animals as previously
described (Aridas et al., 2016). Briefly, after clamping of the cord,
UCB was collected via the two umbilical veins and approximately
90 ml of blood was collected from each ovine fetus. The
mononuclear layer of cells was obtained by centrifuging the
blood at 1000 × g for 12 min with no brake and cells were
suspended in phosphate-buffered saline (PBS; Gibco, Waltham,
MA, United States). Red blood cells were lysed using red
blood cell lysis buffer (155 nM ammonium chloride, 10 mM
potassium bicarbonate, and 0.1 mM EDTA in MilliQ water).
The lysis reaction was stopped with excess media [16.5% fetal
bovine serum (FBS) in DMEM:F13, Gibco, Waltham, MA,
United States]. Cells were manually counted and their viability
was assessed using trypan blue exclusion dye (Gibco, Waltham,
MA, United States) and a hemocytometer. UCB cells were
cryopreserved in dimethyl sulfoxide (10% DMSO, Sigma in FBS)
and stored in liquid nitrogen for subsequent administration
to lambs. UCB cells were thawed as previously described and
have shown that administration of immediately thawed cells is
effective at reducing inflammation and cell death (Aridas et al.,
2016; Li et al., 2017; Paton et al., 2018; Paton et al., 2019).
Briefly, cells were rapidly thawed in a 37◦C water bath with 10 ml
media, centrifuged for 5 min at 300 × g and then supernatant
was removed and cells resuspended in media and counted using
a hemocytometer and trypan blue. Cells were then left on ice
until administration.

Histological Analysis
At postmortem the lungs were dissected from the chest and the
right upper lobe was pressure fixed at 20 cm H2O by inflation
with 10% neutral buffered formalin (pH 7.4) for histological
examination. The lobe was cut into 5 mm slices and cut into

2 cm2 sections and three sections of lung were randomly chosen
and embedded in paraffin. Five micrometers of sections were
stained and a total of 15 random high-power images were taken
for each stain. Sections were stained with Hematoxylin and
Eosin (H&E), Hart’s resorcin-fuchsin stain to identify elastin or
picrosirius red to stain for type I and III collagen. H&E sections
were scored for alveolar wall thickness, as described previously
(Hillman et al., 2010; Polglase et al., 2017). Elastin and collagen
density was measured by image analysis (ImagePro Plus) using
five random fields of view per section using a 40× objective
lens. Staining density was adjusted for tissue area. Analysis was
performed using Image Pro Premier software. The total area of
collagen/elastin within each image was calculated and normalized
to the area of tissue. To determine the number of secondary
septal crests present in the HART’s stained sections, the image
processing package Fiji was used, with a grid overlay with 1131
dots was placed over each image. The number of dots landing
on tissue, airspace, and secondary septal crests were counted.
The number of secondary septal crests was divided by the area
of tissue and multiplied by 100 to yield a secondary septal
crest percentage.

Immunohistochemical Analysis
Proliferating cells were visualized using Ki67 (1:200, Thermo
Fisher Scientific, Cat#MA5-14520) immunohistochemistry.
Immune cells were visualized using CD45 (1:500, AbCam,
Cat#ab10558). Stained lung sections were analyzed in duplicate
images, with each lung section imaged across five fields of view
per slide. Briefly, for each immunohistochemical stain, lung
sections were dewaxed through xylene–alcohol series. Antigen
retrieval was performed (Ki67; in 0.1 M citrate buffer, CD45;
DAKO PT Link in 1×DAKO Target Retrieval Solution). Sections
were then blocked (Ki67; 5% BSA in 1% triton X PBS, CD45;
DAKO Protein Block). All sections were incubated with primary
antibody overnight at 4◦. The sections were then incubated in
secondary antibody (Ki67; 1:200 biotinylated goat anti-rabbit
IgG antibody, Thermo Scientific, CD45; 1:500, Dako) for 1 h.
Staining was revealed with 3,3′-diaminobenzidine (Pierce
Biotechnology, Rockford, IL, United States). Ki67 sections were
counterstained with Harris hemotoxylin. All slides were then
cleared and cover-slipped using mounting medium (DPX, Merck,
Kilsyth, Australia). Slides were dried then visualized using light
microscopy (Ki67; Olympus Microscope, Japan, CD45; Leica
ScanScope AT Turbo and captured using Leica Scanner Console
version 102.7.5). Cell counts were performed using Image J
(NIH, Bethesda, MD, United States) at 400×magnification.

Gene Analysis
The lower lobe of the right lung was chopped into small
pieces and immediately snap-frozen in liquid nitrogen. Twenty
milligrams of lung tissue was homogenized and total RNA
isolated (RNeasy Midi Extraction Kit, Qiagen, Australia)
and reserve-transcribed into cDNA (SuperScript III reverse
transcriptase; Invitrogen). Genes of interest were measured by
qPCR/Taqman. Five microliters of cDNA from each sample was
plated onto a 96-well PCR plate and submitted to the MHTP
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Genomics Facility, Hudson Institute of Medical Research. Quality
control testing was performed using Sybr chemistry for the
housekeeping gene 18s (ABI 7900 HT qPCR). This was followed
by preamplification, then taqman analysis of the seven genes
listed in Table 1. Relative mRNA levels of gene expression are
expressed relative to the mean of the UNOP group.

Statistical Analysis
Fetal parameters were compared using one-way ANOVA.
Ventilation parameters were compared using two-way repeated
measures ANOVA and Holm–Sidak post hoc analysis, using
SigmaStat. Indices of lung inflammation and injury were analyzed
by using GraphPad Prism 7. Data were analyzed using one-
way ANOVA or Kruskal–Wallis, as appropriate, with Tukey’
or Dunn’s multiple comparisons test, respectively. Data are
expressed as mean ± standard error of the mean (SEM).
Statistical significance was considered as p < 0.05.

RESULTS

Fetal Physiological Parameters
Fetal parameters are summarized in Table 2. There were
more males in each group compared to females but no
difference between groups was observed. Birth weight and
lung weights were not different between groups. There was no
difference in fetal blood gas parameters, pH, PaCO2, PaO2, and
SaO2 between groups.

TABLE 1 | List of ovine specific probes for TaqMan Gene Array.

Gene/probe Assay ID

18s (housekeeping gene) Oa4906333_g1

IL-6 Oa04656315_m1

IL-8 Bt03211906_m1

IL-10 Oa03212724_m1

IL-1β Oa04656322_m1

CTGF Oa04659069_g1

CYR61 Oa04673852_g1

EGR1 Oa03237885_m1

TABLE 2 | Baseline fetal data for all groups recorded prior to ventilation for all
groups except UNOP, which was recorded before delivery.

UNOP SHAM VILI VILICELLS

Number 7 5 7 7

Sex (male) 6 (86%) 3 (60%) 5 (71%) 4 (57%)

Birth weight (kg) 3.4 ± 0.2 3.3 ± 0.1 3.4 ± 0.2 3.4 ± 0.2

Lung weight (g) 150.5 ± 33 137.9 ± 46 147.0 ± 41 141.6 ± 37

Birth order 1st (%) 6 (86%) 4 (80%) 7 (100%) 7 (100%)

pH 7.27 ± 0.02 7.27 ± 0.02 7.25 ± 0.02 7.27 ± 0.01

PaO2 36.7 ± 7.2 33.0 ± 2.7 51.2 ± 8.8 34.1 ± 1.3

PaCO2 59.0 ± 3.2 64.0 ± 5.8 57.3 ± 3.1 59.2 ± 1.6

SaO2 48.2 ± 9.4 46.4 ± 5.7 67.5 ± 6.6 49.0 ± 2.9

Data are expressed as mean ± SD.

Ventilation
Ventilation parameters (Figure 1) during the volutrauma,
including PIP, VT, and mean airway pressure were not different
between VILI and VILICELLS. VT significantly increased with
time throughout the 15 min ventilation strategy in both groups
reaching a peak of 8.1 and 8.4 ml/kg for the VILI and VILICELLS
group, respectively (P < 0.001 for both groups).

Blood Gas Parameters
Partial pressure of oxygen (PaO2), partial pressure of carbon
dioxide (PaCO2), arterial saturation of oxygen (SaO2), and pH
were measured regularly. PaO2 was significantly higher in the
VILI group at the onset of ventilation compared to the SHAM
group (P = 0.017; Figure 2A). During recovery there was no
significant difference between groups. At 24 h during the MRI,
PaCO2 was significantly lower in the SHAM group compared to
VILI (P = 0.04) and VILICELLS (P = 0.036) lambs (Figure 2B).
There was no significant different in SaO2 (Figure 2C) or pH
(Figure 2D) across the experiment.

Assessment of Lung Injury
For all molecular and histological measures of lung inflammation
and injury there was no significant difference between the
UNOP and SHAM group; therefore, these groups were
pooled (Controls).

Alveolar wall thickness (Figures 3A,D–F), inflammatory
cell infiltration (Figures 3B,G–I), and proliferating cells
(Figures 3C,J–L) were significantly increased in both the VILI
(P = 0.0017, P < 0.0001, and P = 0.0367, respectively) and
VILICELLS (P = 0.002, P < 0.0001, and P = 0.0014, respectively)
groups compared to controls. There was no difference in these
parameters between VILI and VILICELLS. There was no difference
in hyaline membranes, epithelial sloughing, and hemorrhage
between the groups.

Assessment of Lung Structure of
Composition
Quantitative assessment of elastin showed no difference between
groups for the percentage of elastin in tissue (Figures 4A,D–I).
The number of secondary septal crests was significantly decreased
in the VILI and VILICELLS groups compared to controls
(P = 0.0247 and P = 0.0021, respectively, Figures 4B,J–L).
Qualitative observation showed that elastin fibers were more
elongated and relocated to airway walls in the ventilated
(VILI and VILICELLS) groups (Figures 4G–I) rather than being
localized to the septal crests as observed in control lungs.

Quantitative assessment of collagen showed that the
VILICELLS group had significantly less collagen in tissue
compared to the control group (P = 0.0302, Figure 4C). There
was no significant difference in collagen between the VILI and
control groups. Again, qualitative observation showed that
collagen fibers were more elongated in the ventilated (VILI and
VILICELLS) groups (Figures 4K,L).

Assessment of Gene Expression
mRNA levels of proinflammatory cytokines interleukin (IL)-
1β, IL-6, IL-8, and anti-inflammatory cytokine IL-10 and early
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FIGURE 1 | Ventilation parameters for the two ventilated groups; VILI and VILICELLS. (A) Tidal volume, (B) peak inspiratory pressure, and (C) mean airway pressure.
# indicates that time had a significant effect on the given ventilation parameter (#p < 0.05).

response genes (CYR61, EGR1, and CTGF) were not different
between groups as seen in Figure 5.

DISCUSSION

Preterm infants that require resuscitation in the delivery
room may inadvertently receive higher tidal volumes than
recommended, resulting in VILI, a major cause of BPD
(Schmölzer et al., 2010). Similar to previous studies (Hillman
et al., 2007), 15 min of volutrauma caused lung inflammation
and injury and profound changes to lung structure. UCB cells
have inherent properties which we hypothesized would reduce
lung inflammation and injury. However, our study showed that
the administration of UCB cells, 1 h after volutrauma, did
not reduce lung inflammation or injury suggesting that early
administration of UCB cells may not be efficacious at reducing
or preventing VILI.

We investigated UCB cells because previous studies using
UCB cells have demonstrated their anti-inflammatory and anti-
fibrotic properties and their ability to aid alveolar epithelial
reconstitution (Chang et al., 2009; De Paepe et al., 2011;
Garibaldi et al., 2013; Monz et al., 2013; Huang et al., 2014;

Mills et al., 2017). In our study UCB cells were unable to reduce
the increase in alveolar wall thickness and the number of
infiltrating immune cells or prevent the loss of secondary septal
crests from VILI. The mononuclear cell layer from UCB blood
was chosen in this study over individual cell types. A study
from our group has directly compared individual cell types and
the UCB mononuclear cell fraction, showing that both reduced
deficits and inflammation following brain injury (McDonald
et al., 2018). Further, a large number of cells was required for
this model and to use individual cell types, several cord blood
units would be required. In the future, when cell expansion
technologies are more advanced and larger doses of individual
UCB stem cells can be generated, it would be interesting to
examine different cell types in a similar experiment. UCB cells
have never been studied for the treatment of VILI in a large
animal model, so our chosen dose was based on previous studies
treating brain injury in fetal sheep. In these studies, dosages of
25 million UCB cells/kg were able to attenuate hypoxic ischemic
term and preterm brain injury and showed that both autologous
and allogeneic UCB cell administration were effective at reducing
inflammation and cell death (Aridas et al., 2016; Li et al., 2016).
Although studies have not used UCB cells for lung injury in
fetal sheep, the same dose of hAECs alleviates both brain and
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FIGURE 2 | Blood gas parameters between SHAM, VILI, and VILICELLS for the injurious ventilation period and recovery period and between UNOP, SHAM, VILI, and
VILICELLS for delivery and MRI; partial pressure of (A) O2, (B) CO2, (C) saturation of oxygen, and (D) pH. Asterisk in panel (A) indicates significant difference in PaO2

at time 0 between VILI and SHAM groups. Asterisk in panel (B) indicates difference in PaCO2 during delivery and MRI, with SHAM significantly lower than VILI and
VILICELLS groups, *P < 0.05.
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FIGURE 3 | (A) Alveolar wall thickness expressed a score out of 4, (B) Immune cell infiltration expressed as the number of positive cells per field of view, (C) number
of proliferating cells expressed as the percentage of positive cells. Scale bars show 50 µm. *P < 0.05, **P < 0.01, ****P < 0.0001 compared to controls. (D–F)
Representative lung sections stained with Hematoxylin and Eosin to assess alveolar wall thickness in (D) control, (E) VILI, and (F) VILICELLS lambs. (G–I)
Representative lung sections demonstrating immune cell presence using CD45 immunohistochemistry. (J–L) Representative lung sections demonstrating cellular
proliferation using Ki67 immunohistochemistry. Scale bar shows 30 µm.

lung injury in fetal sheep (Vosdoganes et al., 2011; Yawno et al.,
2013). Our dose was based on an estimate of 3.2 kg fetal weight.
Our average birth weight of 3.4 kg meant an average dose of
∼23.5 million cells/kg was delivered. It is unlikely the marginally
lower dose delivered in this study would have altered the findings.

However, as this is the first study to assess the effectiveness of
UCB cells in a large animal model of lung injury, it is likely
that future studies will need to assess different doses. The UCB
cells used in this study were from sheep UCB, due to the
limited availability of sheep-specific antibodies, we were unable
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FIGURE 4 | (A) %Elastin content in tissue. (B) Density of secondary septal crests expressed as number per tissue area. (C) %Collagen content in tissue. *P < 0.05,
**P < 0.01 compared to controls. (D–L) Representative lung sections stained with HARTs to view elastin (black staining) in (D,G) control (E,H) VILI, and (F,I)
VILICELLS. Arrows indicate elastin deposition at the points of septa in control lambs, which is irregular in the VILI and VILICELLS lambs. (J–L) Representative lung
sections stained with picrosirius red to view collagen (dark red staining).

to identify the proportion of various cell types within the UCB
samples. However, previous studies have shown UCB cells from
autologous and allogeneic sheep to be efficacious in a sheep model
of preterm brain injury (Li et al., 2017).

Umbilical cord blood cells were administered 1 h after
volutrauma, which is known to be the peak of the pulmonary
and systemic pro-inflammatory cascade resultant from injurious
respiratory support (Hillman et al., 2011). This time point for
stem cell administration has not been explored before. It was

our primary goal to see whether UCBs given at this peak
inflammatory time could dampen the inflammatory response,
thus reducing or preventing the subsequent progression of lung
injury. Given the lack of efficacy, it is important to consider
whether introducing the cells into a profound pro-inflammatory
environment could alter the efficacy of UCB cells. Although
the majority of studies that use cells such as MSCs, a stem
cell subset present in UCB, have shown reduced inflammation
(Curley et al., 2012; Hayes et al., 2015; Lai et al., 2015), there
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FIGURE 5 | Relative fold increase of (A) interleukin (IL)-1β, (B) IL-6, (C) IL-8, (D) IL-10, (E) cysteine rich 61 (CYR61), (F) early growth response 1 (EGR1), (G)
connective tissue growth factor (CTGF) expression between treatment groups expressed as a fold increase from UNOP.

are some studies that have shown that MSCs can exacerbate the
inflammatory response if incorporated into an established pro-
inflammatory environment (Bernardo and Fibbe, 2013). It has
also been shown that bone marrow-derived MSCs are able to
stimulate mononuclear cell types to produce pro-inflammatory
cytokines IL-6 and IFN-γ (Rasmusson et al., 2007). Although
we did not see any differences in inflammation at 24 h, it is
likely that we missed the cytokine increases given they are largely
resolved at this time (Hillman et al., 2011). Importantly, our
results indicate that the UCB cells are not effective during this
peak inflammatory period. Previous studies have administered
human amnion epithelial cells prior to the onset of ventilation
(Melville et al., 2017), 3 and 6 h (Hodges et al., 2012) into
ventilation. Further, previous studies administered MSCs prior
to the onset of ventilation (Chimenti et al., 2012) or 14 days
after lung hyperoxia (Hansmann et al., 2012). This is the first
study to assess cell administration at 1 h following lung injury,
suggesting that cell administration may be efficacious in the
resolution or prevention of inflammation and injury may not
be efficacious when given at the peak of the pro-inflammatory

cascade. Future studies may be necessary to avoid this time point
by administering cells prophylactically at the onset of ventilation
or 6 h after the cessation of ventilation.

We used an exteriorized model of VILI to test the UCBs as
described previously by others (Hillman et al., 2011). This model
was chosen due to its ability to isolate the initial volutrauma from
subsequent inflammation and injury that would occur over the
proceeding 24 h with maintaining these lambs ex utero, including
the need for ongoing respiratory support, nutrition, and neonatal
intensive care. Instead, the ewe (via the placenta) provides all of
the respiratory and nutritional requirements of the fetus. One
potential problem with this model is that the presence of a fetal
circulation, which means that only 12% of combined ventricular
output passes through the pulmonary circulation (Rudolph,
1983). Normally when cells are given intravenously after birth,
they can become passively trapped within the lungs, for a few
days/weeks after administration (Anjos-Afonso et al., 2004; Kean
et al., 2013). It has been postulated that this may actually be one
of the mechanisms where by stem cells are effective for reducing
lung injury (Inamdar and Inamdar, 2013). However, it is known
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that actual engraftment and differentiation of UCB cells occurs
at very low rates, or not at all, at the site of injury (Paton et al.,
2018). Instead, they act systemically to reduce inflammation and
can act at immune organs such as the spleen and lymph nodes
(McDonald et al., 2018). In this study we did not label the UCB
cells so we were unable to determine if there was cell engraftment
within the lung parenchyma. However, studies by Vosdoganes
et al. (2011) showed that i.v. administration of hAECs to the fetus
reduced the pulmonary inflammatory response in an LPS model
of lung injury. Although in this study combined intratracheal
and i.v. administration was most effective, both administration
routes alone were able to attenuate injury. A study by Cargnoni
et al. (2009) using a bleomycin-induced lung injury mouse model
showed that both i.v. and intratracheal hAEC administration
was able to attenuate lung injury. The optimal route of cell
administration needs to be investigated further.

While UCB cell administration did not reduce VILI in
this study, the potential of UCB administration should not be
dismissed out of hand. A multiple dosing scheme may be more
effective at reducing inflammation and injury, since UCB cells
unexposed to inflammation will be given at multiple time points,
potentially overcoming a loss of efficacy following inflammation
exposure. UCB cell administration at 1 h following initiation of
ventilation is ineffective; therefore, a study comparing other or
even multiple time points may show benefit.

CONCLUSION

We demonstrated that an acute period of volutrauma resulted
in profound changes to lung architecture that can be observed
24 h after the insult, confirming the importance of the initial
resuscitation period in the delivery room to the progression
and severity of VILI. This highlights the importance of better
monitoring and/or control of tidal volume during the initial
resuscitation of preterm infants, and also the importance of this

critical window for therapeutic targeting. UCB cells administered
1 h after volutrauma were unable to reduce VILI in preterm
fetal sheep. Future studies will be needed to determine the
optimal timing, dosing, or administration scheme before UCB
cells can be seen as a potential prophylactic therapy for VILI in
preterm infants.
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